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Abstract 
 
Link Analysis (LA) is a popular ergonomics tool used to study and improve the 
layout of workspaces (Ferreira and Hignett, 2005); to study abstract 
relationships, for example between criminals (Harper and Harris, 1975) or ill 
people (Stuster and Chovil, 1994).  It can also be used as a data (event) 
recording method to capture interactions to assist the understanding of staff 
behaviour and interactions with their environment (McDonald and Dzwonczyk, 
1988). 
 
Currently, most researchers still rely on the manual method to perform LA.  
However, the traditional ‘pen and paper’ method is cumbersome, time 
consuming and gives limited outputs.  Since 1964, when Haygood et al. (1964) 
succeeded in improving the manual method of LA, researchers have been 
trying to use computer techniques to enhance the performance and increasing 
efficiency of LA.  However, these methods may also have limitations.  To 
address these limitations a Computerised Link Analysis (CLA) system has been 
developed.   
 
The CLA system is not only a computerised LA application (layout creating, 
event recording and result generating) which is able to reduce the time and 
effort compared to the manual method, but is also an integrated task analysis 
tool incorporating traditional LA functions, basic task analysis functions 
(recording detailed description of operator activities, as components of 
Hierarchical Task Analysis), and time-motion functions (recording time stamps 
of operator activities).  Additional outputs that are not part of traditional LA 
comprise time-event lists (start/end time, duration, chronology, additional notes, 
importance and operator ID), processed link diagrams (with the link direction 
and frequency), as well as the conventional LA results of link diagrams and link 
tables.  
 
The CLA system was developed in four phases, including pre-test 
developments (CLA v1.01-v1.05) and post-test developments (CLA v1.05-
v1.12).  The pre-test developments are also called early software developments, 
 iv
and in this phase, the system was developed according to the specifications 
which were produced based on the limitations of LA and other computer-aided 
LA methods.  Then three iterative tests were designed to test the functions of 
the system to make sure it performs reliably under both laboratory and real 
world conditions: 
 
• The Technical Validation Test (CLA v1.05-v1.08) was carried out in a 
laboratory environment, aiming to ensure that the software and hardware for the 
CLA system worked technically and that the outputs achieved an acceptable 
level of accuracy (reliability testing and debugging). 
 
• The Usability Test (CLA v1.08-v1.11) was carried out in a laboratory 
environment, aiming to test the software and hardware by observing the 
performance of 12 system operators as they used CLA, collecting user 
feedback after the test, and identifying possible improvements from users. 
 
• The beta test (CLA v1.11-v1.12) was carried out in a field environment, 
aiming to make sure the faults identified in the Technical Validation and 
Usability tests were fixed; to review real-time data recording and analysis 
abilities and identify further improvements by using the CLA system in a 
complex real-life environment, Emergency Department (ED) at an UK hospital. 
 
The results show that CLA improves the traditional method of LA in both 
efficiency and effectiveness.  A major step forward is the additional functionality 
of the CLA system as an integrated task analysis tool, which is able to collect 
and process real-time LA, HTA and time-motion data concurrently.  This 
produces enriched data that result in both more detailed investigations of the 
target environment and lead to new research directions. 
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Introduction 
 
 
1 INTRODUCTION 
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This chapter will introduce these points of this Computerised Link Analysis 
system project: 
 
• The problem; 
 
• Aims and objectives; 
 
• Conceptual framework; 
 
• Scope and limitations; 
 
• Thesis outline. 
 
1.1 The problem 
 
Ergonomics, a term that is used synonymously with Human Factors, Human 
Engineering or User-centred Design, is the science of embodying human 
factors into designs, aiming to improve efficiency, productivity, safety and health 
in various work settings.   
 
Link Analysis (LA) is a popular ergonomics tool often used to study interactions 
between human-human, human-machine/environment and machine-
machine/environment (Kirwan and Ainsworth, 1992).  It has been used in a wide 
range of industries and environments (Chapanis, 1959; Thomson, 1972; 
Stanton and Young, 1999; Nemeth, 2003).   
 
LA can be used to achieve improved task efficiency by re-arranging the 
elements in a system to reduce the overall link distances (Kirwan and Ainsworth, 
1992).  It can also be used to study the abstract relationship such as the 
relationships between criminals (Harper and Harris, 1975) or ill people (Stuster 
and Chovil, 1994), or used as a data (event) recording method to capture 
interactions to assist the understanding of staff behaviour and interactions with 
their environment (McDonald and Dzwonczyk, 1988).   
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As LA is being used more frequently, its limitations have started to arise.  For 
example LA is increasingly applied in the complex domains such as healthcare 
to design workspaces for clinical staff to achieve better work conditions and 
improve patient safety.  The complex and dynamic nature of the healthcare 
department makes it a domain full of non-repetitive activities, variances and 
uncertainties.  When LA is applied in a healthcare context, it needs to be more 
sophisticated, efficient and effective to take account of the complicated and 
non-repetitive nature of tasks.  However, the cumbersome manual method of 
LA makes it a difficult task.  Moreover, traditional LA gives limited outputs which 
restrict researchers from better understanding the task and environment.  
 
With rapid development of computer techniques, both the hardware and the 
software, some researchers have developed computerised systems to address 
these limitations of the traditional LA method, such as the Computer-Aided Link 
Analysis (CALA) system (Glass et al, 1991), Link Analyzer system 
(Thorstensson et al, 2001), Flexible Interface Technique (FIT) system (Held, 
1999; Held et al, 1999; Held and Manser, 2005), and Link Analysis on Personal 
Digital Assistant (LAPDA, Napier and Hignett, 2005).  Although these systems 
improve the method of LA in different aspects, these all have limitations. 
 
Therefore the problems to be investigated in this project before a computerised 
system can be developed are: 
 
• What are the limitations of the manual method of LA? 
 
• What are the limitations of the current computer-aided LA methods? 
 
After the early investigations, the development of the computerised system will 
include investigating: 
 
• The appropriate practises to develop a computerised LA system 
(programming language, device, etc); 
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• The appropriate tests to evaluate the system (accuracy, functionality, 
usability, etc) with the specifications (requirements) and users. 
 
1.2 Aims and objectives 
 
The overall aim of this project is to develop CLA system, and test it in both 
laboratory and real environments with a range of users (both non expert users 
and trained users) for efficiency, reliability, etc, in order to offer ergonomists an 
efficient and reliable tool.   
 
According to the problems summarised in section 1.1, the objectives are to:  
 
• Review the literature about LA (including computer-aided methods) and 
identify limitations; 
 
• Summarise the requirements of the CLA system 
 
• Develop the CLA system to address the identified limitations 
 
• Test the efficiency, reliability and accuracy of system to ensure CLA is as 
accurate as the manual LA method;  
 
• Test the usability, detect bugs and identify improvement suggestions 
from users with different backgrounds; 
 
• Test the abilities of the system for dealing with real-time data recording 
and processing, and real and complex environments (e.g. healthcare domain); 
identify further system improvements; and ensure bugs identified in previous 
tests have been successfully fixed. 
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1.3 Conceptual framework 
 
The software development phases from Van Vliet (1993) were adopted in this 
thesis, including requirements engineering (identify problems, Chapter 2), 
design and implementation (developing system model/structure and writing 
code, Chapter 3), testing (debugging and improving system, Chapter 4, 5, 6 and 
7). 
 
1.4 Scope and limitations 
 
This thesis will describe the development of the CLA system including the 
design, implementation and testing.  However, the last phase of software 
development (Van Vliet, 1993), system maintenance, is not considered as it is 
required after software is handed over for use (beyond the scope of this 
research).  
 
‘Once these errors are corrected, new ones appear and the process continues 
in a seemingly endless loop’ (Pressman, 1997).  The ‘process’ mentioned is the 
software testing.  That is to say some bugs inevitably escape detection.  To 
address this limitation, three iterative tests were designed to test the system by 
covering all functions and use in more than one environment using different 
software testing techniques. 
 
1.5 Thesis outline 
 
The development of the CLA system is summarised in Figure 1.1.  Chapter 2 
will first review general Ergonomics literature including definition, history and 
applications, as well as some ergonomics methods which are often used by the 
researchers.  The literature of the traditional method of LA including its definition, 
history, procedures, advantages and disadvantages, and applications will also 
be reviewed in Chapter2.  The current method of computerising LA by other 
researchers will be studied to identify benefits and limitations.  Other related 
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ergonomics methods which were involved in this project, including Hierarchical 
Task Analysis (HTA) and time-motion study will be presented.  Finally the 
limitations of LA and other computer-aided LA methods, and the corresponding 
aims and objectives of the CLA system will be summarised. 
 
Chapter 3 will describe the development of CLA, including the specifications, 
initial design plan, system demonstration of the latest version of the CLA system 
(v1.12), and the detailed system developments and upgrades from v1.01 to 
v1.12.   
 
Chapter 4 will review the software testing including software testing literature 
review to identify the appropriate testing methods to evaluate the CLA system.   
 
Chapter 5, 6 and 7 are three iterative system tests, Technical Validation Test, 
Usability Test and Beta-testing.  System developments and improvements in 
these three tests are also summarised, as well as the solutions of limitations 
identified in Chapter 2. 
 
Several issues including the benefits of the CLA system compared to the 
traditional manual LA method and previously mentioned computer-aided LA 
methods, as well as limitations and further work, will be discussed in the 
Chapter 8.   
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Figure 1.1  Development of the CLA system 
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2.1 Introduction  
 
This chapter will describe the background context for the development of CLA.  
It will review: 
 
• Ergonomics including its definition, history and applications, as well as 
some ergonomics methods which are often used by the researchers; 
 
• The ergonomics method in question: Link Analysis (LA), including its 
definition, history, procedures, advantages and disadvantages, and applications; 
 
• Other computer-aided LA methods: (1) Computer Aided Link Analysis 
(CALA) system, (2) Link Analyzer, (3) Flexible Interface Technique (FIT) system, 
and (4) Link Analysis on Personal Digital Assistant (LAPDA); 
 
• Other computer methods relevant to the method of LA 
 
• Other related ergonomics methods which are involved in this project, 
including Hierarchical Task Analysis (HTA) and time-motion study; 
 
• Summary of limitations of traditional LA method and the computer-aided 
LA methods, and aims and objectives (specifications) of the CLA system. 
 
2.2 Ergonomics  
 
The term Ergonomics was derived from the Greek words έργου (ergon) 
meaning work, and υόμοs (nomos) meaning natural law.  Ergonomics thus 
means ‘laws of work’.  It did not enter the modern dictionary until a Polish 
biologist, Wojciech Jastrzębowski used this word in his article, ‘Rys ergonomji 
czyli nauki o pracy, opartej na prawdach poczerpniętych z Nauki Przyrody (The 
Outline of Ergonomics, i.e. Science of Work, Based on the Truths Taken from 
the Natural Science)’ (Jastrzębowski, 1857).  However, the idea of Ergonomics 
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has been discussed much earlier than that.  Bernardino Ramazzini, an Italian 
physician and philosopher, who is considered to be the founder of Ergonomics 
and first Ergonomist, published ‘De morbis artificum diatriba (Diseases of 
Workers)’ in 1700, the first comprehensive work on relationships between 
occupational diseases and ergonomics factors.  Even before this, the principles 
of Ergonomics were already known by the ancient Greeks as early as 500 BC.  
A study by Marmaras et al. (1997), shows that both ‘a collection of literature 
references to the concepts of usability and human-centred design’ and 
‘examples of ergonomic design from a variety of fields’, including ‘design of 
everyday utensils, the sculpture and manipulation of marble as a building 
material and the design of theatres’, were presented to provide evidence that 
‘although ergonomics was not a defined science at the time, ancient Greeks 
had adopted a human-centred design approach, trying to fit work to the human’.   
 
Ergonomics developed rapidly during World War II, due to the rising of complex 
military equipment.  In 1949, the word, ‘Ergonomics’, was adopted at a meeting 
of the British Admiralty by Professor Hugh Murrell.  The focus of UK 
Ergonomics was on equipment and workspace design after World War II.  
European ergonomists were more interested in biological areas, while in the US, 
Ergonomics (Human Factors was used more commonly than Ergonomics) was 
strongly connected with psychology.  In the 21st century, the emphasis of 
research in Ergonomics is the design and management of systems that satisfy 
human compatibility requirements (Karwowski, 2005).   
 
Ergonomics, a term that is used synonymously with Human Factors, Human 
Engineering or User-centred Design, can be said to relate to everything which 
involves people (Figure 2.1) including science, engineering, design, technology 
and management of human-compatible systems, aiming to improve efficiency, 
productivity, safety and health in work settings, and it is the science of 
embodying human factors into designs.  The definition adopted by International 
Ergonomics Association (IEA) describes Ergonomics as, ‘the scientific discipline 
concerned with the understanding of the interactions among humans and other 
elements of a system, and the profession that applies theoretical principles, 
data and methods to design in order to optimise human well being and overall 
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system performance.  Practitioners of ergonomics, ergonomists, contribute to 
the planning, design and evaluation of tasks, jobs, products, organizations, 
environments and systems in order to make them compatible with the needs, 
abilities and limitations of people’ (IEA, 2000).  It is ‘the systematic process of 
designing for human use through the application of our knowledge of human 
beings to the equipment they use, the environments in which they operate the 
tasks they perform, and the management systems that guide the safe and 
efficient operations’ (Attwood et al., 2004) and ‘the application of scientific 
principles, methods, and data drawn from a variety of disciplines to the 
development of engineering system in which people play a significant role’ 
(Kroemer et al., 2001).   
 
 
Figure 2.1  General dimensions of Ergonomics. 
(Karwowski, 2005) 
 
Ergonomics aims to ensure employees are healthy and safe in order to increase 
efficiency and productivity.  Properly designed workspaces and devices (so 
called ‘Risk Management control devices’) are considered to be increasingly 
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essential, as they are able to reduce accidents and injuries to employees 
resulting from unsafe working environments.  In the Sports industry, equipment 
is designed to achieve better performance and results.  Ergonomics has also 
emerged in other areas, including anthropometry, biomechanics, mechanical 
engineering, industrial engineering, industrial design, kinesiology, physiology 
and psychology, and has been used in various types of applications, from 
design of lighting and mirrors in vehicles (Society of Automotive Engineers, 
1994) to road crash studies (Barnes, 2006); and from manufacturing industries 
to healthcare departments.  
 
More than sixty ergonomics methods are available (Diaper, 1989; Kirwan and 
Ainsworth, 1992; Kirwan, 1994; Corlett and Clark, 1995; Wilson and Corlett, 
1995; Jordan et al., 1996; Stanton and Young, 1999; Stanton et al., 2005; 
Stanton et al., 2005).  These methods either use quantitative or qualitative 
approaches.  A quantitative approach produces numerical data and a qualitative 
method includes any information that can be captured that is not numerical.  
Some often used ergonomics methods, with their brief definitions, are 
summarised in Table 2.1. 
 
Table 2.1  Examples of ergonomics methods. 
(Stanton and Young, 1998; Stanton and Young, 1999; Nemeth, 2003; 
Stanton and Young, 2003; Stanton et al., 2005) 
 
Key stroke Level Model (KLM) 
Attempts to predict the time of performing a 
task with error-free operation by determining 
times for each component activities of a task 
and summing them together. 
 
Checklists 
An easy method for maintenance tasks and 
preparatory tasks by simply listing all 
operations and checking items one by one. 
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Table 2.1  continued. 
Hierarchical Task Analysis 
(HTA) 
HTA is a method which aims to understand a 
task by keeping breaking it into hierarchical 
goals, plans, and operations in a hierarchical 
structure until a certain stop criteria is 
reached. 
 
 
Interviews 
Gathers information in the form of face-to-
face discussions. 
 
 
Observation 
Collection of data of interactions between 
people and machines and interactions 
between operators by watching and 
recording, or participation. 
 
Questionnaires 
Obtains the ideas from people on usability or 
other aspects of a product.  
 
Link Analysis (LA) 
Studies and rearranges the layout of 
workspace by assessing the movements 
(e.g. body movements, eye movements and 
communications, etc) during a task. 
 
Layout analysis 
 
Builds on Link Analysis to consider functional 
groupings of device elements and suggests 
improved layouts. 
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 Cognitive Task Analysis (CTA)
Involves a variety of techniques and assists 
human performance in cognitive work, i.e. 
work primarily having to do with problem 
solving and decision making. 
 
Table 2.2  continued. 
Flow Analysis  
Describes the functions that the product is to 
perform and to portray. 
 
Depicts scenarios in terms of tasks and their 
associated task performance times and 
displays the functional and temporal 
requirements of a task. 
Timeline analysis 
 
Data and information from these ergonomics methods contribute to ergonomics 
design and evaluation of tasks, jobs, products, environments and systems to 
fulfil the compatibility with the needs, abilities and limitations of people.  
 
2.3 Link Analysis (LA) 
 
This section will discuss the method of LA, including its definition, history, 
development, procedures, advantages and disadvantages, and various 
applications. 
 
LA is a systematic technique which studies relationships, attempts to 
understand how activities in a system are linked together (human-human, 
human-machine and machine-machine interactions), and optimises the 
arrangements of elements within the system in order to improve efficiency and 
productivity.  LA has been applied in a large range of areas and was proven to 
be a very useful ergonomics tool to improve the design of products (e.g. 
physical layout of instrument panels, control panels, workstations or work areas).  
Thomson (1972) describes it as ‘a technique which provides information needed 
to produce an acceptable arrangement of men and machines in a system’.  In 
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the method of LA, systems are composed of links and elements.  As noted by 
Chapanis (1959), ‘the linkages between various components are expressed in 
physical terms-relative frequencies between components’.  The links are 
comprised of physical movements (hand, eye or body movements) and 
communications e.g. voice messages within the system.  A spatial link diagram 
is provided as a product of LA which illustrates all the elements and links 
presented in an operation.  The purpose of LA is to minimise the overall 
distance of links travelled within the task by rearranging elements, in order to 
produce an optimal layout to increase efficiency and enhance performance. 
 
LA developed primarily from Flow Analysis which aimed to describe ‘the nature 
and sequence of events in a product or process’ and study ‘the arrangement 
and dependencies among elements in system’ (Nemeth, 2003).  However, Flow 
Analysis can only be used to examine tasks which are ‘repetitive and 
standardized’ (Chapanis, 1959); i.e. it is not able to deal with systems which 
include unexpected behaviours.  Therefore, based on Flow Analysis, LA was 
developed as a method which has the capability to evaluate all kinds of systems. 
 
Probably the earliest formal application of LA can be dated back to 1917, when 
the Gilbreth brothers studied the layout of a workshop by evaluating overall 
distances travelled during the operations (Gilbreth and Gilbreth, 1917).  Since 
then, LA has become a popular and useful tool in rearranging and redesigning 
human-machine, machine-machine or human-human layouts, and has been 
used in a large range of areas.   
 
Various applications, as well as variations in the methods of LA, have been 
developed and documented.  The traditional application of the LA method is to 
design workplaces and instrument panels to improve the efficiency and 
productivity in working environment, i.e. studying physical movements or human 
communications.   
 
Then analysing other types of interactions such as eye movements started to be 
added into LA method.  Fitts et al. (1950) studied eye movements among 
instruments on the controls panel of aircraft while pilots were performing 
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instrumented landing approaches.  Data (eye movements) were collected and 
further analysed leading to a standard arrangement of instruments in the control 
panel (McCormick, 1970).   
 
Haygood et al. (1964) mentioned that t was possible using the manual LA 
method to analyse tasks which consist of only several hundred steps with pen 
and paper, however it would be almost impossible when dealing with a task with 
thousands or more steps, tallying and totalling links.  As the computer technique 
developed rapidly, computers were involved to assist the developments of the 
method of LA.  It is likely that Haygood et al. (1964) were the first people to use 
computers to simplify the method of LA (tallying and totalling links to analyse 
data).  The C2110M Flight System Checkout Console, used to check out 
operational equipment in the GAM-77 missile system, was studied.  Though the 
computer used was considerably less powerful than modern machines 
(RECOMP II), they were able to prove that results from computer-aided LA 
were equally accurate and significantly saved time and money.   
 
LA not only is able to deal with many types of interactions but also started to be 
employed in various areas.  Healthcare is increasingly reliant on Ergonomics to 
provide optimal performance and working conditions for clinical staff.  As noted 
by Lippert (1971), LA has been employed in hospital wards to ‘draw a map’ in 
order to study the pattern of a nurse travelling among the patient beds, utility 
room and the ward nurse station. 
 
Apart from physical movements and communications, the links in the method of 
LA can also be the abstract relationships between the elements, e.g. 
connections between criminals or links among measles cases, LA has been 
proven to be a very useful network analysis tool in Police Intelligence 
(accessing the relationships among criminals to prevent and control organised 
crime, (Harper and Harris, 1975)) and epidemiology (evaluating relationships 
among disease cases, (Stuster and Chovil, 1994)).   
 
The capability of the LA method was further expanded: LA can also be used as 
a data (event) recording method and data collected can be reviewed for better 
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understanding of the environment or training processes, and used for 
subsequent analysis.  For example, it is often used in the healthcare domain, 
capturing information such as the physical movements of clinical staff during an 
operation (e.g. McDonald and Dzwonczyk, 1988, Hignett and Lu, 2007, Jones 
et al., 2008, etc). 
 
2.3.1 Procedures 
 
Procedures of LA are listed in many articles, based on which, procedures of 
carrying out LA can be summarised as (Nemeth, 2003): 
 
• Determine all the elements (e.g. human and machines) presented in a 
layout to be studied.  Draw these elements on a diagram according to their 
realistic sizes (scaled), shapes, and locations (scaled) and assign each of them 
with a unique name, number or letter; 
 
• Record the interactions (physical movements, spoken messages or 
abstract relationships) of the operator (the subject being evaluated) by drawing 
lines between elements on the diagram according the realistic operations; 
 
• Count frequency between elements and produce link table (also called 
interaction matrix) from the diagram generated in last step.  It is suggested by 
Woodson and Conover (1960) that different interactions with different natures 
(e.g. importance) should be recorded in different ways (for example, using 
different colours or different thicknesses of lines). 
• If weighting is used to distinguish the important and unimportant links, i.e. 
interactions have different importance values, then a link value needs to be 
calculated by multiplying its importance value (weighted value), frequency and 
distance between the elements; 
 
• Generate a suggestion of an improved layout by minimising the sum of 
link values, in which more important or frequently used elements are closely 
located.  However the improved layout provided by LA is just a suggestion, as it 
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needs more in-field-studies to let it fit the realistic situation.  For example, it is 
unwise to move naked fire to explosive material, although they are most 
important or more often used elements. 
Figure 2.2a illustrates the original layout of an office, in which B is located in the 
centre of A and C.  For one task, there are five links between A and C, one 
between A and B, and three between B and C.  During the operation, all the 
links are recorded and depicted in the link diagram in Figure 2.2b, while Figure 
2.2c is an alternative illustration of the links using a the interaction matrix (link 
table).  In order to obtain the optimal layout of the office corresponding to this 
particular task, the elements are re-located to minimise the total length, as 
illustrated in Figure 2.2d. 
 
 
Figure 2.2  A LA example 
 
2.3.2 Advantages and disadvantages 
 
Although the LA method has been proven to be a useful task analysis tool, 
however, it has limitations.  Stanton and Young (1999) and Kirwan and 
Ainsworth (1992) have described advantages and disadvantages of LA, 
 
9 LA is a very straightforward technique, easy to perform, and it can be 
used by analysts with little formal training; 
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9 Few resources are required; 
9 LA provides design improvement; 
8 Preliminary data collection is needed, and much time and effort is 
required to tally and count links, and list all the links or draw them on the 
link diagram; 
8 Only simple systems, which consist of hundreds of steps, are considered 
because of the complexity of plotting link diagrams and producing the link 
table; 
8 No cognitive activities:  Cognitive processes are not involved, as only 
lines of interactions are recorded; 
8 Detailed information of interactions are missing such as what the 
operator is doing, directions of interactions, time spent on a element and 
between elements, etc; 
8 Health issues are not considered.  E.g. time spent on a task would be 
reduced if an office layout is optimised and a worker can access 
everything he needs while sitting at the office desk.  However, sitting too 
long has negative effects (McGill, 1997; Hamilton et al., 2008).  In terms 
of occupational safety and health, it would be good for some workers to 
move around and change posture more often (e.g. move around to fetch 
something) although time is wasted,  which conflicts with the concept of 
the LA: frequently moving causes low efficiency; 
8 Output (link diagram) is not easily quantifiable; 
 
2.3.3 LA applications in different areas 
 
For years, ergonomists have been using LA as a useful tool and method for 
redesigning displays, interfaces, equipments, workspaces, and room 
arrangements.   
 
Nemeth (2003) presented a traditional application of a space configuration of a 
work place.  ‘Poor or no analysis can impede a working group’s productivity and 
(at worst) render it dysfunctional’ (Nemeth, 2003).  The LA method was applied 
to ensure the right configuration by eliminating the obstacles in the work 
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environment, to reduce costs of time and money.  All the items of equipment, 
people and space in the work place were listed.  The interactive information of 
operators travelling between the equipment was captured by the pre-installed 
digital camera and further processed afterwards.  These data were used to 
draw a link diagram and generate a link table.  The importance of each link was 
determined by its productivity.  The value of each link was calculated by 
multiplying the frequency of the link with its importance and distance between 
elements.  Afterwards, the layout of the working area was rearranged by putting 
the elements with high link values as close as possible, to achieve a better 
efficiency.  
 
An ergonomically designed workspace in healthcare departments will offer staff 
good conditions under which they can do their best and provide the better 
patient services.  Ferreira and Hignett (2005) analysed the layout of a space-
limited patient compartment in a UK ambulance, using LA to review the 
efficiency and safety of paramedics.  Access to the equipment and 
consumables in the ambulance was observed for paramedics carrying out a 
range of clinical tasks.  Figure 2.3 shows the schematic links between the 
paramedics and the equipment the: ‘the passenger seat (seat B) was used for 
the majority of the time (71%)’, ‘paramedics also treated patients by sitting on 
the stretcher (14%)’, and ‘the attendant seat (seat A) (2%)’ (Ferreira and Hignett, 
2005).  Seat B and stretcher are shaded as the most frequently used elements 
in Figure 2.3, and Seat A which is less used is also shaded as a comparison.  
However, ‘the outer reach boundary of the envelope from seat B only just 
touches the patient stretcher so the paramedic would have to sit forward or 
stand to treat with the patient and access equipment’ (Ferreira and Hignett, 
2005).  Thus, it was suggested that the ambulance should be designed to locate 
the equipment and consumables in a more appropriate place. 
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 Figure 2.3  Schematic LA of operation of paramedics. 
(Ferreira and Hignett, 2005) 
 
Most of the applications in layout designs are based on studying physical 
movements of the body, such as the arm, hand etc.  There is also some 
research studying eye movements by tracking what the eyes are looking at 
using an eye tracker.  One example is given by Attwood et al. (2004) in which 
the display of a control panel was analysed.  The eye movements of an 
operator looking from one control to another were captured during a task and 
data were analysed to determine an optimum control panel design.   
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The scope of LA is extremely wide and it is not limited to any particular area.  
The links in LA can also be defined as the communication between people in 
the system (human-human link).  A study of this human-human link is the 
evaluation of ‘communication links and patterns’ of clinical staff within an 
Emergency Department (ED) (Fairbanks et al., 2007).  LA was applied to 
‘describe communication between roles in the ED including who communicates 
to whom, what mode they use, and where the conversations are held’.  LA 
diagrams were used to assist the interpretation of the data.  The different 
frequency of links, the most common communication mode and the ‘distinct 
pattern’ in the ED was determined.  The data collected were helpful in designing 
future EDs.  
 
Links can also be used to study abstract relationships.  Harper and Harris (1975) 
successfully introduced LA into an entirely different field, Police Intelligence, to 
prevent and control organised crime.  Elements in this system are individual 
criminals (symbolically represented by circles in Figure 2.4), and organisations 
(represented by rectangles).  The relationships among suspected criminals 
either known or suspected were evaluated to determine the structure within 
criminal organisations.  Links (relationships) were classified into three 
catalogues, strong links, weak links and no links.  A link diagram (Figure 2.4) 
and matrix (Figure 2.5) were generated to illustrate relationships, in which solid 
lines and ● represent strong links; broken lines and ○ represent weak links.  It 
was concluded that LA was more useful to prevent and control organised 
criminal activities than traditional methods. 
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 Figure 2.4  Link diagram of individual criminals and criminal organisations.  
(Harper and Harris, 1975) 
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 Figure 2.5  Association matrix (link table). 
(Harper and Harris, 1975) 
 
The widespread success of LA in criminal investigation encouraged Stuster and 
Chovil (1994) to apply LA in another field, epidemiology, to map a measles 
epidemic.  They attempted to track these communicable diseases and 
understand the outbreaks of diseases and keep them under control.  A well 
understood measles outbreak in a university and its adjacent community was 
selected to test the efficacy of LA in the epidemiology field.  The nodes of LA 
were represented by both the cases (ill people) and the sources of infection, 
while the links were expressed by how people were infected, such as going to a 
class, visiting a friend in a dormitory.  Twenty link types were defined and 
strength (weighting) values were assigned.  The link diagram is shown in Figure 
2.6, describing infected people (boxes with numbers inside of them) and where 
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(boxes with both characters and numbers inside) they infect other people.  This 
provides the disease outbreak investigators with an effective tool to understand 
how the disease spreads. 
 
 
Figure 2.6  Link diagram of the outbreaks of disease. 
(Stuster and Chovil, 1994) 
 
LA can also be used as a data recording method to capture information to 
describe what people do to solve problems, such as recording the physical 
movements of clinical staff during an operation in the healthcare domain.  The 
data collected are further analysed by other ergonomics methods and/or used 
to understand how people make decisions, solve problems, and gain situation 
awareness. 
 
An example is given by McDonald and Dzwonczyk (1988).  LA was used to 
study the time spent on different activities to prove that the direct link to the 
patient should be increased during anesthetisation.  In their opinion, too many 
new techniques and equipment such as multiple monitors may distract 
anaesthetists attention from the patients.  To support their ideas, the time and 
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LA data, duration of events (both communications and interactions with 
machines) performed by the anaesthetist during the entire operative period, 
were recorded electronically using an event recorder.  ‘Links are expressed 
typically as percentages of the total number of links occurring in a process’ 
rather than frequency.  During the study of thirty-two surgical procedures, only 
three of the ten most frequent linked activities (ten pairs of activities are shown 
in Figure 2.7) included direct patient activity.  So the conclusion was drawn that 
the amount of physician directed patient care was insufficient and anaesthetists 
should focus their full attention on the patient to improve patient care. 
 
 
Figure 2.7  The ten most often linked activities in pairs. 
(McDonald and Dzwonczyk, 1988). 
 
 
 
 
 
 26
2.4 Computer-aided LA methods 
 
Computers have become a useful tool and been used for a large number of 
applications, including simplifying procedures of LA.  Since 1964, when 
Haygood et al. succeeded in proving time and money can be saved using a 
computer-based LA method, researchers have been trying to utilise computer 
facilities to improve the performance and efficiency of LA.  There were four 
other computerised methods using derivatives of LA at the start of this project: 
 
• CALA 
• FIT 
• Link Analyzer 
• LAPDA 
 
These will be discussed in detail. 
 
2.4.1 Computer-Aided Link Analysis (CALA) system 
 
CALA system was designed by Glass et al. (1991) using Computer-Aided 
Design (CAD) to automate data capture.  In their work, CAD was utilised to 
draw the layout of a workplace which was saved as CAD DXF (Drawing 
Interchange Format, or Drawing Exchange Format) file.  The link distances 
were captured automatically when the layout was created in CAD.  Figure 2.8 
illustrates an example of an office layout designed using CAD.  Each letter 
stands for an element in the office, with its description listed in Figure 2.9.  The 
sequence of steps of carrying out a task is provided either by a series of ASCII 
characters (if the procedures are standard) or by the link file (if the procedures 
are non-standard), which is depicted in Figure 2.10.  The CALA system reads in 
the descriptions of elements, link file/the series of ASCII (American Standard 
Code for Information Interchange) and link distances, as well as other optional 
parameters (e.g. element wage/cost rate, link criticality value, and link transfer 
rate etc.), and generates four alternative reports as the results for different 
situations in the format of ASCII which could be easily modified and used 
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outside of CALA.  One, ‘Sorted Link Analysis report’, is illustrated in Figure 2.11, 
in which the links are listed in descending order of cost. 
 
 
Figure 2.8  CAD designed workplace.   
(Glass et al., 1991). 
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 Figure 2.9  Work station element file.   
(Glass et al., 1991). 
 
 
Figure 2.10  Link file, an input of CALA.   
(Glass et al., 1991) 
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 Figure 2.11  Sorted Link Analysis report. 
(Glass et al., 1991) 
 
Advantages and disadvantages of CALA include: 
 
9 CAD is employed to create layouts and capture link distances among 
elements; 
9 Data (both inputs and outputs) are stored in an ASCII text file, which can 
be read and used to generate reports outside CALA easily; 
9 Four alternative results are generated for different situations; 
9 Optional parameters (e.g. element wage/cost rate, link criticality value, 
and link transfer rate) are provided. 
8 The observer records data and tallies and counts the links manually; 
8 Knowledge of operating the software of CAD is required. 
8 Classic LA outputs, link diagram and link table, are not included. 
 
The idea of the CALA system is good (PC involved), however, it is still not able 
to solve the problem of manual data collecting and processing. 
 
2.4.2 Link Analyzer 
 
Thorstensson et al. (2001) demonstrate an improved method of LA, Extended 
Link Analysis (ELA), which not only records links (communications), but also 
captures start/end time of the links.  A software, ‘Link Analyzer’, was developed.  
A study of communication processes in a hypothetical command post staff 
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organisation including an Ambulance Commander (Amb Com/AC/E), a Medical 
Commander (Med Com/MC/D), a Police Commander (Pol Com/PC/C), a Chief 
of Commander (Chief/OC/M), an Emergency Commander (Eme Com/EC/J) and 
a Radio (RA/P) is presented and the organisation which is configured in Link 
Analyzer is shown in Figure 2.12.  Communication events are monitored and 
registered by an observer onto a computer by feeding its sender, receiver, and 
classification (a classification category is predesigned as shown in Figure 2.13).  
The start and end time are assigned to each communication events 
automatically when the registration of the event occurs.  The output of Link 
Analyzer includes start time, stop time, duration, sender, receiver, and 
classification, as shown in Figure 2.14. 
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 Figure 2.12  Layout configuration of command post. 
(Thorstensson et al., 2001) 
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 Figure 2.13  Categories of classification.   
(Thorstensson et al., 2001) 
 
 
 
Figure 2.14  Outcome of Link Analyzer.   
(Thorstensson et al., 2001). 
 
Advantages and disadvantages of Link Analyzer include: 
 
9 Link Analyzer offers useful information such as start/stop time, duration, 
chronological order and classification of each link; 
9 It generates a good structured result, in which events are listed in order 
with time and classification. 
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8 Only standard classifications which are pre-designed are provided, while 
the variance is not considered; 
8 The number of staff members a single observer can monitor is limited; 
8 Only one communication can be observed at a time, thus it does not 
support parallel events recording; 
8 Manual process of entering events into computer is time-consuming; 
8 Computer is used mainly as a database (storage tool). 
8 Classic LA outputs, link diagram and link table, are not included. 
 
In the Link Analyzer system, the operator still needs to enter data manually 
which takes too much time and effort so that it is not able to respond to rapid 
and unexpected variances in the healthcare domain efficiently and effectively.  
 
2.4.3 FIT (Flexible Interface Technique) system 
 
Research by Held (1999), Held et al. (1999) and Held and Manser (2005) are 
not focused specifically on LA, but the by-product is a simplification of the data 
recording process, using the touch-screen on a mobile hand-held computer 
device (Personal Digital Assistant (PDA)).  The system FIT has proven to be 
helpful and efficient in event recording.  ‘Flexible interface’ means that the 
observer is able to design his/her own interface (layout), using symbols, hand-
written texts, sketches, on a paper overlay which covers the touch screen of the 
PDA.  An example of an overlay is shown in Figure 2.15.  During data recording, 
the observer registers each event by tapping with a stylus on the related area.  
The coordinates and the time of each tapped point are stored in the memory of 
the PDA.  After the data recording, data are transferred to the computer, where 
the points are illustrated exactly as they were typed in.  The observer encircles 
the points according to the representations on the paper overlay by drawing 
polygons around them (Figure 2.16).  Figure 2.17 illustrates the results of event-
time list and event-time diagram generated by FIT.  An alternative 
representation of an event-time diagram is shown in Figure 2.18.  As illustrated 
in Figure 2.17, there is a special event, ‘ALL’, which is particularly designed for 
recording parallel or concurrent events.  If A and B occur simultaneously, the 
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observer records these concurrent events by clicking A and B in any sequence 
and then tap ‘ALL’.  If only A occurs, A and ‘ALL’ should be selected.  For 
example, as shown in the event-time diagram in Figure 2.17, single event 
‘Arrange workplace’ occurs from ‘1:53:23’, then ‘Arrange workplace’ and ‘ALL’ 
should be selected which means ‘Arrange workplace’ is everything happening 
(event-time list in Figure 2.17).  From ‘1:53:41’, ‘Arrange workplace’ and 
‘Responsive conversation with surgeon’ occur simultaneously, so these two 
should be selected, followed by ‘ALL’ (event-time list in Figure 2.17).  
 
  
Figure 2.15  An example of paper overlay, studying behaviours of 
oxpecker birds and a rhinoceros.                                                     
(Held et al., 1999; Held and Manser 2005) 
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 Figure 2.16  Regroup the points.   
(Held and Manser, 2005) 
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 Figure 2.17  Event-time list and event-time diagram. 
(Held and Manser, 2005). 
 
 
Figure 2.18  An alternative representation of event-time diagram.   
(Held and Manser, 2005) 
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Advantages and disadvantages of FIT system include: 
 
9 Portable computer device and touch-screen are used to simplify the 
event recording process; 
9 It provides flexibilities in designing layout, by creating interface (layout) 
with pen and paper; 
9 Direct viewing event-time diagram and event-time list are used as results; 
9 Useful data, e.g. time stamp, time duration and chronological order of 
links, are provided;  
9 It is able to record concurrent events; 
9 It is easy to operate. 
8 Data need to be transferred from PDA to PC and further processed on 
PC; 
8 PDA has limitations, e.g. PDA is not as easily programmable as PC, and 
memory and size of PDA screen are too small for large system. 
8 It is an event recording method, therefore, it doesn’t produce LA outputs. 
 
2.4.4 LAPDA system (Napier and Hignett, 2005) 
 
LAPDA (Link Analysis Personal Digital Assistant) system was a previous project 
in partnership with the Healthcare Ergonomics and Patient Safety Unit (HEPSU) 
in Loughborough University.  Similar to the FIT system, the LAPDA utilises the 
touch screen of a PDA device to simplify the data recording process.  It is 
specially designed to increase efficiency and performance of the LA method.  It 
consists of two programmes, (1) Template Generator (TG) which was 
developed for layout creating on computers, and Data Recorder (DR) which 
was targeted on either PDA devices or computers for data collection.  The user 
creates a template consisting of non overlapping rectangles, and each rectangle 
represents an element presented in the layout.  Then the template is read and 
displayed on a PDA or computer, and interactions are recorded by user tapping 
inside of the appropriate rectangles.  The DR also records for each tap the time 
and screen position, and produces a LA result in a TEXT file including element 
names and corresponding start times in chorological order.  
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Advantages and disadvantages of the LAPDA include: 
 
9 Portable computer device (PDA) with touch-screen are used to simplify 
the event recording process; 
9 It provides flexibilities in creating layout (rectangles); 
9 Time stamps are included; 
9 Useful data, e.g. time stamp and chronological order of links, are 
provided;  
9 It is easy to operate; 
8 It was designed as an improvement method of LA, but it does not 
produce traditional LA outputs (link diagram and link table). 
8 There is no additional interaction detail. 
 
The CLA system is the follow-on project of the LAPDA system, and the LAPDA 
system provides with basic ideas of how the layout/template can be created and 
interaction can be collected.  It is also the original source where the name of the 
CLA programmes, 'Template Generator (TG)' and 'Data Recorder (DR)' came 
from. 
 
Several current achievements of LA with computers are illustrated, with their 
advantages and disadvantages. Though there are several limitations within 
these examples, they provide ideas for how LA could be improved with a 
computer and give a future research direction. 
 
2.5 Other computer methods relevant to LA 
 
There are also some other software tools which are relevant to the method of 
the LA, including the COPLINK and the TaskArchitect Task Analysis Software.  
 
 
 
 
 39
2.5.1 COPLINK 
 
COPLINK is an intelligent computer software that is designed to improve crime 
and terrorism detection.  COPLINK is a very popular software application suite 
(Xu et al., 2003; Chen et al., 2003, Chung et al., 2005).  It has two main 
components: ‘COPLINK Connect’ and ‘COPLINK Detect’: ‘COPLINK Connect is 
a system designed to allow diverse police departments to share data 
seamlessly through an easy-to-use interface that integrates different data 
sources.  COPLINK Detect uncovers various types of criminal associations that 
exist in police databases’ (Chen, 2002).  ‘COPLINK Connect’ works as a 
terminal to access the database and acquires the data for police officers.  And 
COPLINK Detect is connected to the same database but working as an analysis 
tool for detectives and crime analysts, including the function of ‘Link and 
Association Analysis’, to study associations or linkages among various aspects 
of a crime.  An example of hyperbolic trees in COPLINK Detect is shown in 
Figure 2.19. 
 
 
hyperbolic tree with 
three search terms 
Figure 2.19  Hyperbolic Tree View of Associations in COPLINK. 
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2.5.2 TaskArchitect 
 
The early version of TaskArchitect (Stuart and Penn, 2004) was proven to be a 
useful HTA tool which was able to capture and organise HTA data quickly and 
produce both graphical results and a variety of report results, in either XML, tab 
separated or comma separated formats, to be made available to other 
programmes (spreadsheets and word processors).   
 
TaskArchitect has been developed to version 3.04 (8th August, 2010) and 
became an integrated task analysis tool with partial LA method-‘Location Map’ 
included.  By using this function, information such as where tasks are carried 
out in the workplace and how workers move between tasks can be recorded 
and illustrated in a link diagram (Figure 2.20).  Movements around a factory, 
interactions on a screen or button presses on a product can be recorded, and 
the diagram produced includes key information such as frequency, proportion of 
work at a particular area and flow between work locations.  This spatial 
information helps the analyst to better understand the tasks and the 
environment together with the HTA data.    
 
 
Figure 2.20  The Location Map 
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2.6 Other related methods 
 
2.6.1 Hierarchical Task Analysis (HTA) 
 
As traditional LA cannot capture the activities to describe what the operator is 
doing in each interaction, HTA is often used with LA.  HTA is a general 
approach to examine tasks by re-describing or decomposing the tasks into 
basic elements including operations, subgoals and plans.  Operations are the 
basic activities people must do within a system.  The subgoals are achieved by 
doing operations.  Plans are the conditions that state when operations should 
be carried out.  The central idea of HTA is that goals can be decomposed 
continually, i.e. the overall goal can be re-described in terms of subgoals and 
subgoals can be decomposed further until a defined stopping point is reached.  
HTA is an established tool to assist in the understanding of how the task is 
conducted.  An example of studying saving text in a word processor using the 
HTA method, is illustrated in Figure 2.21. 
 
0. Save text in a  
    word-processor 
2. Hold the mouse  
button down to pull  
down the File menu
1. Move cursor to 
    the File menu
3. Move the  
highlight down to  
the word save
4. Release the  
    mouse button 
plan 0: 1—2—3—4
 
Figure 2.21  An example of HTA. 
(Shepherd, 2001) 
 
2.6.2 Time-motion study 
 
Time-motion study is an analysis of the time spent in going through the different 
motions of a job or series of jobs, in order to address basic problems, and to 
evaluate productivity, effectiveness and efficiency (Mundel and Danner, 1985).  
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It combines the Time Study work of Frederick Winslow Taylor with the Motion 
Study work of Frank and Lillian Gilbreth (Niebel, 1988).  As noted by Mundel 
and Danner (1985), ‘the motion study aspect consists of a wide variety of 
procedures for the description, systematic analysis, and improvement of work 
method, and the aim is to determine (or design) a preferable work method’.  
While, the time study aspect consists of ‘a wide variety of procedures for 
determining the amount of time required, under certain standard conditions of 
measurement, for tasks involving some human, machine, or combined activity’ 
(Mundel and Danner, 1985).  Time-motion analysis is employed in various 
industries, including healthcare domain (Wirth et al., 1977; McDonald and 
Dzwonczyk, 1988; Pizziferri et al., 2005), to address preferable work methods. 
 
2.7 Limitations of traditional LA and other computer-aided 
methods and the aims and objectives of the CLA system 
 
LA has been applied in a wide range of areas and has been proven to be a 
useful technique to study the relationships among elements in systems.  
However, as LA is being used more frequently, difficulties and problems have 
started to arise.  LA does not consider the order of links, but simply describes 
the frequency of each link (how many times the link occurs), as noted by 
Chapanis (1959).  Haygood et al. (1964) mentioned that it was possible to 
analyse tasks which consist of only several hundred steps with pen and paper, 
however it would be almost impossible when dealing with a task with thousands 
or more steps.  ‘The manual process of keeping a tally and counting links 
becomes prohibitively time-consuming’ (Glass et al., 1991).  This also leads to 
difficulties of drawing and redrawing an immense schematic link diagram for 
large system.   
 
LA is increasingly applied in some complex environments such as healthcare 
domain to design workspaces to achieve better work conditions and 
performance.  It is also used in these domains as a data recording method to 
capture information, such as the interactions between people and the 
environment for a bettering understanding of the environment and the tasked 
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carried out in this environment.  However, the complex and dynamic nature of 
these environments, such as healthcare domain, makes them domains full of 
non-repetitive activities, variances and uncertainties.  For example, in the 
healthcare domain, although providing treatment to a patient presenting with a 
particular complaint (e.g. chest pain) might seem to include a number of 
standardised procedures, it is likely that there will be considerable variance for 
each task based on the individual differences of each patient (e.g. age, gender, 
past medical history), and location of presentation (e.g. emergency department, 
GP clinic, minor injuries unit, ambulance).  However the traditional ‘pen and 
paper’ method of LA is not capable of taking account of the tasks with short and 
non-repetitive interactions in these complex domains efficiently and effectively, 
due to time-consuming manual data process.   
 
The limitations of both the method and results of LA are summarised:  
 
• Traditional ‘pen and paper’ Link Analysis is not able to respond to the 
short and non-repetitive interactions efficiently and effectively enough when 
collecting LA interactions by drawing the link diagram, and it is likely that some 
behaviours might be missed due to the time-consuming manual data recording 
process;  
 
• Result generating processes are not efficient: link frequency is calculated 
by manual tallying and counting and link diagram is drawn with pen and paper. 
 
• Limited data are provided in link diagram and link table.  More data 
needs to be considered for complex environments, such as time stamps, time 
durations, activity explanations, directions, chronological order of interactions;  
 
To address these limitations, researchers have developed computerised 
systems (section 2.4), however, these all have limitations in either data capture 
and/or analysis.  In order to solve these limitations, a Computerised Link 
Analysis (CLA) system was planned to: 
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• Provide users with an easy-to-use, satisfied and high-value-functional 
software product so that users are able to operate the system with minimal 
training; 
 
• Simplify LA procedures including: 
 
o Flexible layout creating functions (drawing/moving/resizing/deleting/name 
elements, as flexible as manual layout creating method: sketching layout 
on a paper); 
 
o Simplicity and speed data recording process which is able to respond to 
rapid interactions; 
 
o Instant results generation after data recording; 
 
• More useful data in the results, such as time stamps, time durations, 
activity explanations, directions, chronological order of interactions; 
 
• Concurrent events (multiple operators) recording. 
 
 
 45
 
 
 
CHAPTER 3 
 
 
Computerised link analysis (CLA) 
system design plan and demonstration 
 
 
1 INTRODUCTION 
2 LITERATURE REVIEW 
3 COMPUTERISED LINK ANALYSIS (CLA) SYSTEM 
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3.1 Introduction 
 
This chapter will describe the development of CLA.  It will review: 
 
• System Requirements Specification; 
 
• The CLA system initial design plans; 
 
• System demonstration of the latest version of the CLA system (v1.12); 
 
• Detailed system developments and upgrades between versions. 
 
3.2 System Requirements Specification  
 
Having identified the limitations of the traditional manual method of LA and 
other computer-aided LA methods as well as the aims and objectives of the 
CLA system, the system requirements specification will be summarised in this 
section, including system overview, overall description and system target 
functions. 
 
3.2.1 System overview 
 
The CLA system will be an effective and efficient software tool which is able to 
collect LA data, time information, and produce LA data including conventional 
LA results: link table and link diagram, and more data such as start/end time, 
chronological order, link directions, etc.   
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3.2.2 Overall description 
 
3.2.2.1 System Perspective 
 
The CLA system is a follow-on research project of the LAPDA system (section 
2.4.4), however, the CLA system will be a completely new software. 
 
3.2.2.2 Source code 
 
The CLA system will be developed solely by the author from the very beginning, 
including code writing and checking in the early development stage and system 
improvements during the tests.  
 
3.2.2.3 Programming language 
 
It is decided that National Instruments (NI) Laboratory Virtual Instrument 
Engineering Workbench (LabVIEW) version 7.1 will be used for the system.  As 
noted by Bitter et al. (2006), LabVIEW is a graphically-based programming 
environment used by engineers and scientists and its graphical nature makes it 
a very convenient and productive platform compared to other conventional 
programming languages.  LabVIEW is developed by NI, a corporation also 
producing hardware devices e.g. test and measurement, automation, instrument 
control, data acquisition, and data analysis equipment and devices which can 
be integrated with LabVIEW environment easily by simply plug and play.   
 
Features of the LabVIEW programming environment (the reasons of choosing 
LabVIEW as the programming language in this project) are: 
 
• Faster Programming: the graphic programming releases programmers 
from remembering a larger amount of statements and replace them with simple 
drag-and-drop function blocks/nodes (Figure 3.1); 
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Figure 3.1  An example of VI showing function-nodes and data flowchart 
presentation 
 
• Easy integration with hardware: LabVIEW is built with thousands of 
instrument libraries and drivers so that instruments and hardware devices from 
NI and other companies can be integrated conveniently. 
 
• Various signal analysis methods (Figure 3.2): LabVIEW is also built in 
with thousands of data analysis methods.  Signals acquired from external 
instruments can be analysed in real time. 
 
• Multiple target operation systems:  The variety of platforms including 
Microsoft Windows, various flavours of UNIX, Linux, and Mac operation system 
can also explain why LabVIEW is so popular. 
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 Figure 3.2  Various signal analysis methods in LabVIEW 
 
3.2.2.4 Operating Environment 
 
The CLA system will be designed to be used in Windows XP operating system. 
 
In terms of hardware platform, initially, the project is designed to develop a 
software tool on a Personal Digital Assistant (PDA) device.  Two reasons 
resulted in PDA being chosen as the target device: (1) it has a touch-screen 
which enabled flexible inputs e.g. hand written texts and sketches to simplify 
template generation process, and allowed tapping points on screen to be read 
into the memory to simplify the data recording process effectively (as discussed 
in section 2.4.3 and 2.4.4); (2) the version 0.01 of CLA system, LAPDA, (Napier 
and Hignett, 2005) is based on a PDA.  However, the PDA has limitations which 
were discussed in Chapter 2 and Figure 1.1, this included small size of screens, 
memories, battery capacity, lack of specific programming methods, system 
instability (Buyukkokten et al., 2000; Carroll et al., 2002; Waycott and Kukulska-
Hulme, 2003).  Therefore, a tablet laptop computer with a built-in touch screen 
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will be procured instead of the PDA to be the target machine for system 
development. 
 
The reasons for choosing it are: 
 
• The computer is more programmable than the PDA device; 
 
• The laptop computer is portable.  It is convenient for the users to carry 
the laptop computer and collect LA data. 
 
• The computer has larger memory and screen size; 
 
• The computer is more powerful and quicker processing can be achieved; 
 
• The battery capacity of laptop computer is much better than the PDA and 
spare batteries are also able to extend data collection time.   
 
• The key feature of the tablet computer is that it is built with a touch 
screen, like the PDA, and the function of mouse and even the keyboard can be 
replaced by a touch pen; 
 
• Laptop computer specifications are more stable than PDAs allowing for 
legacy support in the event of hardware failure. 
 
• NI hardware integrates with laptops and therefore future development is 
less constrained. 
 
3.2.3 Target functions 
 
Target functions of the CLA system will be shown in this section. 
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3.2.3.1 Time stamps and time duration 
 
As mentioned in 3.2.3.1, a lack of time information prevents researchers from 
detailed research of the environments and tasks.  Therefore, start/end time and 
time duration will be included in the result which are assigned to the links 
automatically when they are registered.  This idea is from Link Analyzer, FIT 
and LAPDA (sections 2.4.2 to 2.4.4). 
 
3.2.3.2 Flexibility in creating layout 
 
Two dimensional layout creating function will be used in the CLA system to 
represent realistic layout.  Flexibilities including creating, editing, naming, 
moving and deleting of the elements will be provided.  In order to represent 
three dimensional layout, overlapping elements can be used to describe 
elements on top of each other.  This idea is from the LAPDA (sections 2.4.4).  
 
3.2.3.3 Simplicity and speed in data recording 
 
Manual link drawing method of collecting link data is the major problem of the 
traditional LA (section 2.6), as it causes difficulties in real-time data recording 
and adding additional data into LA.  However, FIT and LAPAD (sections 2.4.3 
and 2.4.4) give a good example of how this issue can be solved.  The CLA 
system will also use touching screen equipment, changing from link drawing to 
element registering.  This will enable users to collect real-time data.  The speed 
of data recording will be increased, as live recording cannot be conducted more 
rapidly than the live events. 
 
3.2.3.4 Instant result generating  
 
Manual result generating process is also a major limitation of traditional LA.  
The results by CLA system will be calculated by computer and generated 
instantly after data recording, so that time and effort can be saved.  The 
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analysis time therefore becomes zero, inherently improving the speed of the 
analysis. 
 
3.2.3.5 Multi-operator data recording (Concurrent events) 
 
As LA is increasingly used to study complex tasks in complex environments, it 
is possible that the users may need to monitor more than one operator.  
Therefore, multi-operator data recording function will be provided in the system, 
in case it is required.  This idea is from the FIT system (sections 2.4.3). 
 
3.2.3.6 Enriched data in CLA results 
 
As traditional LA only gives link diagrams and link tables as results, which have 
limited usefulness, such as link diagram only provides graphic information which 
can not be quantifiable, and link tables only give link frequencies.  Therefore, 
more data such as time stamps (start/end time, duration), directions, 
chronological order, etc, will be added in the CLA system. 
 
3.2.3.7 Other functions  
 
Some other functions will need to be identified when developing the system and 
testing the system with the users. 
 
3.3 The CLA system design plans 
 
3.3.1 Initial design plans of the CLA system  
 
Literature related to the LA method and previous computer-aided LA methods, 
and the design plans of the CLA system were derived and documented at an 
early stage of this project, based on which the CLA system was developed 
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afterwards.  The CLA system was designed to be comprised of two main 
software applications, ‘Template Generator’ (TG) and ‘Data Recorder’ (DR).  
The names and major functionalities of these two programmes were taken from 
the LAPDA (Napier and Hignett, 2005), CLA version 0.01.  The TG aimed to 
develop user-specified 2-D layout design, and the purpose of the DR was to 
read in the layout from the TG, collect real-time interactions, and generate LA 
results instantly.  The initial design plans of these two software applications 
before system developments commenced will be presented respectively. 
 
3.3.1.1 The initial design of TG 
 
The purpose of the TG similar to the manual layout creating process is to 
provide a simple environment or platform for users to create a layout by simply 
sketching it on a diagram:  elements in the layout such as desks or chairs are 
drawn according to their realistic representations (sizes, locations, etc).   
 
Menu BarSidebar Drawing Area
 
Figure 3.3  Initial interface design of the TG 
 
Figure 3.3 shows the interface of TG.  Three main areas are included: ‘Menu 
Bar’, ‘Drawing area’ and ‘Sidebar’.   
 
The Menu Bar is the place where function keys are located, including: 
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• Save function (CTRL-S).  It has the same function with ‘Save as’, so that 
user are able to either save a layout as a new file or replace the existing one (a 
warning window is used to alert users to replace files) in a user-specified 
location.  And layout will be read into DR for data collection.   
 
• ‘Open’ function (‘CTRL-O’).  Users are able to open previous/existing 
layout and further edit it according to the changes in realistic layout; 
 
• ‘Layout size’ function.  Initially, the layout size should be designed by 
users before the layout creating process.  This function is included to enable 
users to change the size of the layout anytime during the layout creating 
process in case the pre-designed layout is too big or too small; 
 
• ‘Delete’ and ‘Move’ function.  Elements can be deleted using the ‘Delete’ 
key, and they can be moved simply by drag-and-drop; 
 
• ‘Undo’ and ‘Redo’ functions.  These functions are popular functions to 
undo and redo last operations, and they need to be added for flexible layout 
generating. 
 
The drawing area is the place for sketching elements.  Initially, a blank diagram 
is provided and the size is decided by users.  Elements are drawn on the 
diagram to represent the elements in realistic layout (chairs, tables or 
machines).  Size and location of elements need to be scaled to be fit onto the 
computer screen.  And also the minimum size of each element is defined to 
make sure that elements are visible and conveniently operable during data 
collecting.  Three alternative shapes are designed to represent realistic 
elements, including rectangular, circle, and triangle.  Moreover, as it is two 
dimension layout design, overlapping of the sketches is allowed so that complex 
layouts such as elements on top of each other can be described in the TG.   
 
Data of elements (name and coordinates of left-top and right-bottom points of 
an element) are automatically captured during the layout creating process, and 
indicated in the sidebar.  Figure 3.4 shows the initial design of indicating data of 
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an element in the sidebar: this element is called ‘Chair’ with its left-top point at 
point (50, 80) and right-bottom point at point (300, 350) (the original point is at 
left-top corner of the diagram and the unit used is pixel).  Its size is 250 pixels 
by 270 pixels which can be calculated as: Width = Right – Left and Height = 
Bottom – Top.  Users can also edit the data of elements directly on this indicator, 
e.g. if the box is required to be from (50, 100) to (300, 500) instead of (50, 80), it 
can be achieved by simply changing the ‘TOP’ from 80 to 100.  Element data 
are stored in memory (buffer) on the computer, until the result is saved.   
 
350
Bottom
300
Right
80
Top
50
Left
Chair
Name
 
Figure 3.4  Initial Data indicator design 
 
Once the layout is saved, a folder will be created to save the layout result.  Data 
of the elements in the layouts are saved in the format of ASCII text file and the 
initial design of this file is shown in Figure 3.5.  It starts with the name of the 
project, template, and user, followed with data/time when the file is created.  
Elements are listed in detail with names and locations.  This text file is designed 
to be the intermediate product and it is used to transfer layout data from TG to 
DR. 
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Project Name: 
Template Name: 
User Name & definable properties 
Data/Time of saving this file
(Element1 Name)
(Element1 Left)
(Element1 Top)
(Element1 Right)
(Element1 Bottom)
(Information about Element2 )
….
(Information about Element3 )
….
 
Figure 3.5  Initial design of ASCII text file generated by TG 
 
The initial programming flowchart is shown in Figure 3.6. 
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START 
 
SAVE? Draw & edit layout 
Read in data in 
sidebar 
Y 
N 
Define the size of diagram 
Choose a location to save 
STOP 
 
 
Figure 3.6  Initial programming flow diagram of the TG 
 
3.3.1.2 The initial design of DR 
 
The DR is designed to read in the layout which is generated in the TG, collect 
data and generate results.   
 
The most time and effort consuming procedures in the traditional LA method are 
data recording and result generating processes.  The DR programme aims to 
utilise the advantage of highly developed computer techniques, both hardware 
and software, to simplify the processes.  The idea of ‘Data Recorder’ is from 
studies by Held (1999), Held et al. (1999) and Held and Manser (2005), and 
Napier and Hignett (2005).  The concept of LA data collection (links or 
interactions) is changed from traditional drawing lines between elements on the 
layout to sequently registering elements.  Thus, the inputs of DR are 
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elements/places in chronological order an operator has been to in a task.  A 
tablet laptop computer with a built-in touch screen (section 3.2.2) is designed to 
be used and data can be collected by simple clicks on the touch screen.   
 
The DR is designed to be equipped with the following functions with these 
function keys located in menu bar (Figure 3.7): 
 
• ‘Open’ function (‘CTRL-O’).  The layout generated from the TG needs to 
be read into DR using this function; 
 
• ‘Start’ and ‘Stop’ functions.  After reading in the layout, all the functions 
are designed to be not operable until the ‘Start’ button is selected.  This also 
triggers a timer in the programme to record the elapsed time, as precise 
start/end time (the elapsed time from the moment when ‘Start’ button is selected) 
of each link are planed to be recorded and assigned to the link data.  The ‘Stop’ 
is designed to terminate a data collection session and LA results are generated 
instantly after this; 
 
• ‘Elapsed time indicator’.  It is a window which pops up and shows the 
elapsed time, so that users can easily control the time length of data recording 
sessions; 
 
• ‘Multi-operator recording’.  It allows concurrent behaviours of different 
operators to be recorded; 
 
• ‘Undo’ and ‘Redo’ functions.  These options are designed to edit the data 
collected. 
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Menu Bar Layout area
A
Elements
Sidebar
B
C
 
Figure 3.7  Initial interface design of the DR. 
 
The interface design of DR is shown in Figure 3.7.  There are three main areas, 
‘Menu bar’, ‘Sidebar’ and ‘Layout area’.  Prior to data recording, the layout 
created in the TG needs to be input into the DR and it is displayed in the ‘layout 
area’ in the same way as it is created.   
 
The menu bar area is the place where function keys are located.  In the sidebar 
area, there is an indicator which shows the data of the currently selected 
element, including the element’s name and elapsed time.  This indicator is 
included so that users can check whether the currently selected element is the 
one they are intended to select, as it is very likely that users may make 
mistakes when selecting an element among hundred of elements.  If a wrong 
element is selected, users are able to delete the last registered element from 
the data buffer by using ‘Undo’ in the menu.   
 
The ‘layout area’ is the place where the layout is displayed.  As mentioned, it is 
not operable until users ‘Start’ the data collection session.  During a data 
collection session, the users monitor the operator(s) and register the elements 
on which the operator(s) is (are) working by clicking or tapping inside of the 
corresponding boxes (elements) on the screen using either mouse or touching 
pen.  For example when the operator is working on element ‘A’ in Figure 3.7, 
then ‘A’ should be selected.  When the operator moves from ‘A’ to ‘C’, then ‘C’ 
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needs to be selected.  Therefore a ‘link’ is created from ‘A’ to ‘C’.  Once one 
click happens inside of some element in the layout, the element’s name, 
elapsed time and coordinate of the tapped point are recorded and stored in the 
memory of the computer and will be used in result generating.  Different colours 
are designed to be used to highlight the selected elements.  For example, green 
colour indicates the current element, while orange shows one selected 
previously.  Colouring the current element is for users to make sure they select 
the correct elements, and previous element is also coloured to indicate the last 
link (from previous selected element to current element). 
  
Five LA results are considered in initial stage to add more useful data for data 
analysis for better understanding of complex domains: 
 
• Link diagram and link table are conventional LA results, and in the CLA 
system these two results are planed to be supported.  A link diagram is 
generated by drawing lines between tapped points (coordinates recorded) and it 
is stored in a JPEG/JPG (Joint Photographic Experts Group, image coding 
standard) file, which can be imported in word processors conveniently for report 
generation.  A link table shows frequencies of links between elements, which is 
designed to be saved as a text file (Figure 3.8). 
 
 
Figure 3.8  Initial design of link table 
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Project Name: 
Template Name: 
User Name: 
Subject ID:
Data/Time/Duration
(1st element’s name    Start time    End time    Duration)
e.g.
Desk A               00:00:01     00:00:30          29
(2nd element’s name    Start time    End time    Duration)
(3rd element’s name    Start time    End time    Duration)
(4th element’s name    Start time    End time    Duration)
…
 
Figure 3.9  Initial design of time-event list 
 
• Time-event list.  As illustrated in Figure 3.9, new data fields are included 
which have never or rarely been used in the method of LA.  The time-event list 
is designed to be saved in an ASCII text file, starting with ‘Project Name’, 
‘Template Name’ and ‘User Name’ which are derived from the TG.  
‘Date/Time/Duration’ is the date and time when data collection starts and total 
time spent in a data recording session.  The elements and corresponding time 
stamps are listed in chronological order in the format of element’s name—Start 
time—End time—Duration.  An example is shown in Figure 3.9, which means at 
‘00:00:01’, the operator moves to ‘Desk A’ and finishes at ‘00:00:30’ (moving to 
another element).  
 
• Time-event graph.  It is a visualised result to illustrate interactions and 
corresponding time stamps, a result of timeline analysis.  An example studying 
the anesthesia work by Held et al. (2005) is shown in Figure 3.10.  In the time-
event graph, each interaction and their associated performance time are clearly 
depicted.  The benefits of this results are: 
 
o The performance between different operators can be identified; 
 
o It is easy to demonstrate team-based tasks and parallel activities. 
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 Figure 3.10  Initial design of time-event graph. 
(Held and Manser, 2005). 
 
• Time distribution table.  An example is shown in Table 3.1 in which 
names of the link events, corresponding time durations and time duration 
percentage are listed.  This result highlights the events consuming longer time 
than others. 
 
Table 3.1  Time distribution of the recorded events.   
(Held et al., 1999) 
 
 
The software programming flow chart of DR is shown in Figure 3.11.  As 
depicted in the flow chart, this programme runs in a loop, it keeps on reading in 
the coordinates of clicks and decides whether they are inside of the elements, 
until users stop.   
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 Figure 3.11 Initial programming flow diagram of the DR 
 
3.4 System demonstration 
 
The CLA system (latest version v1.12) is able to offer not only a software 
package including computerised layout creating, real-time data recording and 
real-time results generating processes but also an integrated task analysis tool 
incorporating traditional LA functions (layout creating, event recording and result 
generating), components of HTA method (additional elements for a more 
detailed description of operator activities) and time-motion function, as well as 
other functions which is to increase usability, e.g. multi-operator data recording.  
There are also additional outputs: time-event lists (start/end time, duration, 
chronology, additional notes, importance and operator ID), processed link 
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diagrams (with the link direction and frequency), and conventional LA results: a 
link diagram and link table.  The major benefits of CLA system are:  
 
• Fast real-time data recording and instant real-time results generating 
processes. The time and resources required are dramatically reduced in both 
data recording and result generating compared with the traditional method; 
 
• Enhanced functionality. The CLA system is not a single task analysis 
software but an integrated tool including LA, components of HTA and time-
motion methods; 
 
• Enriched outputs: The analysis functions have been developed to include 
chronological order, time duration and direction of links etc. There are also more 
output options, saved in easily accessible formats (JPEG and Microsoft Office 
Excel formats):  
 
Same as the initial design, the CLA system consists of two applications, the TG 
and DR.  The TG is used to develop user-specified 2-D layout design, in which 
components are represented by rectangular boxes.  The purpose of the DR is to 
read in the layout, collect interactions in real-time, and generate LA results 
instantly. 
 
3.4.1 Template Generator v1.12 
 
When the TG programme v1.12 runs, as shown in Figure 3.12, the main 
interface will appear, which went through several iterations (detailed CLA 
system developments from v1.01 to v1.12 will be discussed in section 3.4).  
There are three main areas, menu at top, a data indicator on the left and a large 
area called ‘layout design area’. 
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 Figure 3.12  The main interface of the TG (CLA Version 1.12) 
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Initially, only the menu is visible and operable, and the indicator is disabled and 
appears in grey colour.  In the menu, ‘New’, ‘Open’, ‘Save’ and ‘Exit’ options are 
located in the ‘File’ menu, while ‘Undo’, ‘Redo’ and ‘Layout size’ are in the ‘Edit’ 
menu.  General information of the CLA system, such as copyright and version 
number, is in the ‘About’ menu.  The detailed functions of these function keys 
are explained as below: 
 
‘New’ (Ctrl – N) is used to create a new layout.  In version 1.12, users are able 
to use image (JPEG, BMP (Bitmap Digital Images, an image format), or PNG 
(Portable Network Graphics, a bitmapped image format)) as layout background, 
such as floor plan.  Therefore a window (Figure 3.13) will pop up after the ‘New’ 
is selected to ask users whether they need to import an image as background.  
This function is designed to simplify layout generating process.  For example, 
when studying a layout of an office, with the image of the office floor plan read 
in, layout can be created much easier by drawing elements onto the image 
background directly, and users do not need to worry about the location or size 
of the elements.  An example of layout generating with the background imported 
(based on Glass et al. (1991)’s study, Figure 2.8) is shown in Figure 3.14.  
However, the image can not be scaled in the current version of the CLA system, 
so it can only be imported into the TG in the original size.  
 
 
Figure 3.13  Popup window to enable/disable the function of reading in 
image background 
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 Figure 3.14  Layout generating with floor plan based on Glass et al. 
(1991)’s work 
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 Figure 3.15  Layout size window 
 
If users choose ‘NO’ at the dialogue shown in Figure 3.13, then they are 
required to enter the size (pixel by pixel) of layout (if users choose to use a 
background, the size of the layout is decided by the background image).  For 
example, in Figure 3.15, the layout size is designed to be 500 pixels by 500 
pixels.  Realistic layout size, as well as computer screen resolution, determines 
the size of the layout in TG.  The screen resolution of the tablet laptop computer 
used in this project is set to be 1280 pixels by 800 pixels, it means screen size 
of the laptop is 1280 pixels by 800 pixels.  To design a proper layout size is 
essential.  Too large layout can not fit the screen while too small layout cannot 
be used to describe the complex system with hundreds of elements effectively.  
To avoid this situation, the option of changing layout size is provided, so that the 
size can be edited any time in layout generating process.   
 
After layout size is configured, a blank diagram appears in the main interface of 
TG (it is invisible before the layout size is given).  Elements in the realistic 
layout can be simply represented by the boxes on the diagram.  Only 
rectangular boxes are used instead of the initial plan of the TG (three shapes: 
rectangular, circle, and triangle), as all elements in the realistic layout can be 
represented by rectangular boxes and using only one shape can reduce the use 
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of computer memory (i.e. using one memory rather that three) in order to save 
the resources of computer.   
 
Each box is required to be no smaller than 30 (pixels) by 30 (pixels), otherwise 
it is difficult to be selected in the data recording process.  If the box is smaller 
than the requirement, a warning window will appear to prompt users to redraw.  
When an element is created, it needs to be assigned with a unique name 
(Figure 3.16) which is determined by users.  A name check programme is 
embodied to check if it is unique and if a blank name is given to the element.  
Users are allowed to use duplicated name, and a warning window will appear to 
make user they are intended to do this.  Users will also be alerted, if a blank 
name is given, and they will be asked to re-enter a name.  There is no 
restriction of name, and users are able to entry any characters (number, letter 
or symbol) at any length.  Each element is also allocated with a unique ID 
number (according to the chronological order they are created, e.g. 1, 2, 3,).   
 
Overlapping of boxes is allowed to describe the complex situations that 
elements are upon each other.  The interface of the TG is shown in Figure 3.17, 
after elements have been drawn. 
 
 
Figure 3.16  Name entry window 
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 Figure 3.17  Layout generating process with no background image  
(blank background) 
 
In the data indicator, coordinates of left-top and right-bottom points of each 
element are illustrated.  Only information of one element can be shown in the 
indicator, and a slider is provided underneath acting as an element changer.  In 
order to save the space for the layout creating area in the interface of the TG, 
only one element is indicated in the left-top corner.  Therefore if there is more 
than one element, the element changer is used to switch from element to 
element. 
 
Three function keys, ‘Delete element’, ‘Move element’ and ‘Reload array’ are 
provided for flexible layout editing:   
 
Deleting an element.  Users switch to the element they want to delete using the 
slider, then press ‘Delete element’ (users will be warned for deleting).   
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Moving an element.  Users switch to the element to be moved using the slider, 
press ‘Move element’, and then drag and move the element.    
 
‘Reload array’ function is used for precision element data editing.  Users are 
able to enter coordinates of left-top and right-bottom points into the data 
indicator to precisely modify element details. 
 
Three results are generated by the TG and saved to the location which is 
chosen by users: 
 
• A Microsoft Excel file.  It is the file where element names and coordinates 
are saved (Table 3.2).  It is generated primarily for report generation. 
 
Table 3.2  The Microsoft Excel file by TG 
Name Left Top Right Bottom
A 74 72 211 212
B 248 184 416 355
C 53 314 217 439  
 
• A JPG file.  It is a visualized result illustrating elements and their names 
in the same way as shown in the TG interface (Figure 3.18).  It is designed to 
be used for report generation. 
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 Figure 3.18  The JPEG result from the TG 
 
• A XML (Extensible Markup Language) file.  It contains the same 
information as the Excel file, but the data are stored in a code format.  It is an 
intermediate product aiming to transfer the data from the TG to the DR.   
 
3.4.2 Data Recorder v1.12 
 
Running the DR, users are presented with the main interface which is shown in 
Figure 3.19.  There are three main areas: a ‘data indicator, ‘layout area’ and 
‘menu’. 
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At the top of the data indicator, there are three oval buttons.  These are 
operator selection buttons with each button representing an operator (it is 
decided by the user which button represents which operator: in this 
demonstration, the top button representing operator 1, middle one for 2, and 
button for operator 3).  Therefore interactions of at most three operators can be 
monitored concurrently in DR.  The button in green is the one being selected, 
and the operator 1 (the top oval button) is automatically selected when the DR 
starts.  These buttons are not operable until the data collection process starts.  
Below the buttons, is an indicator showing the data of the currently selected 
element, including ID, name, elapsed time, operator ID (1, 2 or 3) and 
importance level.  Interactions are classified into three different importance 
levels, ‘Important’, ‘Ordinary’ and ‘Unimportant’, so that users are able to define 
the importance of the interactions they observe.  An elapsed time indicator is 
placed at the bottom.   
 
In the menu bar, similarly as the TG, ‘Open’, ‘Save’ and ‘Exit’ are located in 
‘File’ menu, while ‘Start’ and ‘Stop’ are in ‘Session’ menu.  Data recording 
process begins with reading the layout (XML result) generated by the TG, by 
clicking ‘File’ and ‘Open’.  After reading in the layout, a ‘Save directory window’ 
appears (Figure 3.20) and users are asked to choose a location for the LA 
results, so that they do not need to worry about the save directory at the end.  
The layout is presented in the same way as it is created in the TG (Figure 3.21).   
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Figure 3.20  Save directory window 
 
 
Figure 3.21  The interface after the layout is read 
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Pressing ‘Session’ then ‘Start’ triggers data recording session and the time 
indicator on the left starts to tick.  This also enables the selection of operator 
selection buttons and the selection of an element on the layout.  Interactions are 
registered by clicking inside of the boxes according to the real world operations.  
For example, if operator 2 moves to element B, then the middle oval button 
should be selected followed by the selection of B on the layout using a mouse 
or touching pen.  The interactions of as many as three operators can be 
recorded simultaneously.  As mentioned the top oval button, representing the 
operator 1, is automatically selected when the data recording starts.  To switch 
to operator 2  Colours indicate which elements have been selected, with green, 
red and bold black indicating the current element, previous element and earlier 
elements respectively (Figure 3.22).  Once an element is selected, a ‘comment 
function window’ (Figure 3.23) pops up allowing users to input descriptions to 
the interactions to explain what the operator is doing.  This window consists of 
two parts, an activity list and a note area.  As the CLA system was tested in the 
healthcare domain (Chapter 7 Beta-testing), most frequent clinical activities 
(identified by system users in the beta-testing when collecting real-time data 
using the CLA system in Emergency Department (ED) of Leicester Royal 
Infirmary (LRI), which will be discussed in beta-testing Chapter 7) are provided 
in the list, so that descriptions can be easily and quickly attached to the 
interactions.  Moreover, variety is likely to be involved in some complex 
environment, the comment area is thus provided for users to input further notes 
to fully describe the interactions.   
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 Figure 3.22  Colours and data indicator on the left during data recording 
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Figure 3.23  The comment window to input clinical details 
 
During data recording, it is likely that users may select wrong elements 
occasionally.  Therefore, a last record deleting option is provided which is able 
to quickly delete the last record (all data registered in the last selection, 
including ID number, element name, time stamps, operator ID, importance level 
and coordinates) by simple mouse right click.  The deleted the element is 
shown in purple, with a confirmation message appearing on the screen (Figure 
3.24).  
 
As data recording may take a very long time, a ‘save’ option is provided in order 
to deal with limited laptop battery life and unexpected system crashes, and 
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users are suggested to save every five to ten minutes.  This ‘save’ option is to 
replace the existing results, so if even the system crashes, the users can still 
get the data saved from the last saving point.  At the end of data recording, the 
‘stop’ button needs to be pressed to terminate the data collection session, and 
the results are generated and stored in the folder which is specified by users at 
beginning.   
 
 
Figure 3.24  Deleted element and confirmation message 
 
The DR is able to deal with overlapped element data recording.  When a click 
occurs inside of overlapping elements, a window (Figure 3.25) will appear, and 
users will be asked to choose the appropriate element.  This function is only 
able to deal with at most three elements, and more elements need to be placed 
beside the overlapped ones. 
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 Figure 3.25  Overlapped elements data recording 
 
During data recording, the layout can not be changed as the DR is not embed 
with any layout creating or editing functions.  Therefore, the generation of a 
precise layout is essential prior to data collection sessions.  Much time and 
effort thus needs to be spent in piloting so that the complex environment (e.g. 
healthcare and military domains) can be well understood, as it is a crucial factor 
to the quality of the data collected.   
 
There are also another three options in the menu:  
 
• ‘Edit’ is to edit the save directory which is only enabled after the directory 
is chosen and before the start of data collection. 
 
• ‘Time elapsed’ is a pop up window showing the elapsed time.  It is used 
when the layout is too large and the time indicator at left is no longer visible, so 
that users do not need to waste time to scroll back to the left to check the time. 
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• ‘Help’ is similar with the ‘About’ option in TG, which has information such 
copyright or version number, etc. 
 
The CLA results are separated into different folders according to different 
operators (Figure 3.26).  In each folder, there are a set of results including two 
conventional LA results (link diagram and link table) and three new types of 
results (link table with directions, processed link diagram and time-event list).   
 
 
Figure 3.26  The CLA result folders 
 
Take the folder of operator 1 for example, the CLA results include: 
 
• Link diagram.  Saved in a JPEG file, it is generated by drawing lines 
between clicked points, showing the spatial information of interactions.  An 
example is shown in Figure 3.27.  The link diagrams from folder operator 1, 2 or 
3 only shows the interactions of one operator on the diagram, while all the 
interactions of a three operators are shown in the folder with the results of all 
operators.  An example of three operator involved link diagram is shown in 
Figure 3.28.  Lines with different colours show the interactions of different 
operators. 
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Figure 3.27  Link diagram of operator 1 
 
 
Figure 3.28  An example of link diagram with three operators 
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• Link table is saved as Microsoft Excel format, as shown in Table 3.3, 
indicating the frequency of links between elements. In the first row, element IDs 
are used to represent corresponding elements; 
 
Table 3.3  Link table of operator 1 
1 2 3
1 A
2 B 3
3 C 3 5  
 
• Link Table with directions.  It is also saved in a Microsoft Excel file, as 
shown in Table 3.4, with link directions included.  The elements in the second 
column are the places where interactions start and elements in the first row are 
where the links end.  For example, there are two links from A to B, while there is 
one link from B to A.   
 
 
Table 3.4  Link table with directions (operator 1) 
1 2 3
2 B 3
3 C 2
1 A 2 1
1
2  
FROM 
TO 
 
• Processed link diagram.  In this diagram (Figure 3.29), more detailed 
spatial information of the interactions is provided, including directions (marked 
using red arrows) and frequency.  Moreover, the thickness of the lines are 
determined by the frequencies, and the frequencies are shown beside 
corresponding links; 
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 Figure 3.29  Processed link diagram of operator 1 
 
• Time-event list.  This offers the greatest step change from the 
traditional LA outputs.  It offers additional task analysis functionality by 
combining the traditional LA result (a list of movements) with (a) more details 
about each interaction (with additional notes/descriptions attached to each link, 
importance level and operator ID) and (b) a time-motion result (start time, 
duration and chronological order of interactions).  Table 3.5 is an example from 
operator 1.  
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Table 3.5  Time-event list of operator 1 
Name 
Elapsed 
time (s) 
Elapsed 
time 
Operator Importance
Clinical 
activity 
Details 
A 0.81 00:00:01 1 Important 
Reading 
patient 
information  
B 9.39 00:00:09 1 Important Treating patient 
went to 
treat 
patient but 
the patient 
had not 
arrived 
C 14.95 00:00:15 1 Important Talking to colleagues 
to find out 
where 
patient is 
B 21.14 00:00:21 1 Important Blood test  
A 30.52 00:00:31 1 Important 
Reading 
patient 
information 
at PC  
B 36.17 00:00:36 1 Important Data entry into PC  
C 53.59 00:00:54 1 Important Using phone 
answered 
phone  
A 58.9 00:00:59 1 Important Talking to colleagues  
C 72.45 00:01:12 1 Important Asking advice 
asked 
advice 
from other 
doctor 
 
 
 
3.5 System developments 
 
The CLA system has been developed and tested, and it was upgraded to latest 
version of 1.12, with its versatility demonstrated in section 3.3.  The key 
developments and improvements are shown in Figure 1.1, and the detailed 
system improvements between versions will be presented in this section. 
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3.5.1 CLA version 1.01 
 
3.5.1.1 TG v1.01 
 
TG v1.01 was only functionalised with ‘undo’, ‘redo’, ‘save’ and ‘stop’, which are 
located below a diagram.  This diagram, size fixed, is used as the background 
on which the layout is created.  Figure 3.30 shows the interface of the TG 1.01 
with function buttons and the background diagram. 
 
 
Figure 3.30  The interface of TG v1.01 
 
What TG v1.01 can do: 
Draw elements (as discussed in specifications).  Boxes/elements can be drawn 
by mouse click-and-drag (left button only) on the diagram.  The process of a 
box being drawn was invisible in this version.  Figure 3.31 shows the 
screenshot when a box is being drawn: the ‘z’ symbol is the mouse down point 
and the ‘+’ symbol is the point the mouse left button to be released.  The box (in 
dash) is the place it should be according to the mouse down and up points, but 
it is not visible until mouse left button is released. 
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 Mouse down point 
Mouse up point 
The box is invisible 
when it is being created  
 
 
 
 
 
 
 
 
 
 
Figure 3.31  The screenshot when a box is being created 
 
 
Move elements (as discussed in specifications).  The early box moving function 
was included in v1.01. Elements can be moved to any place inside the diagram 
by grabbing the box and dragging it.  However, same to the drawing element 
function, the process of a box being moved in invisible: the box remains at the 
original position when users grabbing the box and dragging it.  When the box is 
dropped (left mouse key is released), it will appear at the new place. 
 
Undo and Redo (as discussed in specifications).  These two functions were 
included for flexible layout editing from v1.01.  Users are able to undo the last 
operation to the layout, e.g. deleting the last created element or moving the box 
back to its original place.  And also Redo is to delete the operation by Undo. 
 
Name elements (as discussed in specifications).  In the version of 1.01, each 
element is assigned with a unique ID number according to the time order they 
are created (1, 2, 3 …).  And these numbers are used as element names. 
 
Warning dialogue when element is too small.  A warning window (Figure 3.32) 
will pop up if the created element is smaller that 30 pixels by 30pixel and users 
will be asked to redraw the element, so that elements can be easily operable in 
data recording sessions. 
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 Figure 3.32  Warning window when an element is too small. 
 
Save layout.  Three results are generated in TG v1.01: a text file (Figure 3.33) 
with coordinates of left-top and right-bottom points and IDs of the boxes, a JPG 
file (Figure 3.34) showing graphical information of the layout and a XML file 
used as a layout data transferer from TG to DR 
 
‘Stop’ button is to stop the programme. 
 
Unit testing (which will be discussed later) was carried out constantly during the 
developments by the author to identify bugs and make sure each subprogram, 
subroutine, or procedure in the system worked. 
 
 
Coordinates  IDs 
Figure 3.33  The TEXT result of TG v1.01 
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 Figure 3.34  The JPG result of TG v1.01 
 
3.5.1.2 DR v1.01 
 
Running DR v1.01, users will be presented with a same-sized diagram as in TG 
v1.01 and several function buttons below it, and then they will be asked to read 
in the layout produced by TG (the XML file). 
 
What DR v1.01 can do: 
 
Fast and easy data registration (as discussed in specifications).  The layout will 
be illustrated in the same way as it is created in TG, after being read in.  Link 
events are simply recorded by tapping or clicking inside of the elements using 
touching pen or mouse.  This new concept of LA data recording by registering 
elements in sequence rather than traditionally drawing lines on a diagram 
between elements is able to reduce time and resource required, so that real-
time LA data recording becomes possible. 
 
Time stamps (as discussed in specifications).  Data collection session starts 
and a timer start to count time from the moment when the first box is selected, 
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and the selected elements and corresponding elapsed time stamps are 
recorded and saved in pairs. 
 
Colour indicators.  Different colours are used in this version to indicate the 
selected elements with red showing the current one and green indicating 
previous one (Figure 3.35). 
 
 
Figure 3.35  Colour indicating selected elements 
 
Instant result generating (as discussed in specifications).  After data recording, 
CLA results can be generated instantly by using ‘Save result’ button for the 
result of time-event list and ‘Draw and Save’ button for the result of link diagram.  
Only two results are available in DR v1.01, and the traditional result, link 
diagram saved as the JPG format, is shown in Figure 3.36. 
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 Figure 3.36  CLA result v1.01: link diagram  
 
New result and data (as discussed in specifications).  A new result is included in 
DR v1.01 apart from the link diagram, the time-event list shown in Figure 3.37.  
New data are included, e.g. start time (elapsed time from the first element 
selected) and chronological order.  It is the first version of time-event list with ID 
numbers and elapsed time stamps listed in chronological order, and saved save 
as the TEXT format 
 
‘STOP’ button is to stop the programme.  
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Elapsed time in second 
 
 
 IDs in chronological order 
Figure 3.37  CLA result v1.01: time-event list 
 
3.5.2 CLA version 1.02 
 
3.5.2.1 TG v1.02 
 
Key functions including box drawing, box moving, Undo and Redo, Save layout 
and STOP functions, as well as the interface, remain unchanged when TG 
upgraded v1.01 to v1.02.   
 
What is new in TG 1.02 is that a user-specified element naming function is 
included, shown in Figure 3.38, so that users are able to name the elements 
using characters and symbols (as discussed in specifications), according to 
their realistic representations rather than using ID numbers.  When a box is 
drawn, the name window (Figure 3.38) will pop up to acquire name input.  
Names of elements are not shown on the diagram during the layout creating 
process (Figure 3.38) but will be included in the JPG (Figure 3.39) and TEXT 
(Figure 3.40) results of TG v1.02 
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 Figure 3.38  Name function in TG v1.02 
 
 
Figure 3.39  An example of the JPG result from TG v1.02 with characters 
and symbols as element names 
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 Figure 3.40  An example of the TEXT result from TG v1.02 with characters 
and symbols as element names 
 
3.5.2.2 DR v1.02 
 
Fast and easy data registration, colour indicators, instant result generating and 
link diagram, as well as the interface in DR v1.02 were derived from DR v1.01. 
 
As users are able to specify element names, after reading in the layout the 
user-specified names are shown on top of elements instead of IDs. 
 
Bugs were identified and removed in DR v1.02.  An example is shown in Figure 
3.41 with bug and solution highlighted.  The time-event list at left is from DR 
v1.01 in which the ID numbers are listed in the format of ‘1.00, 2.00…’, as they 
were initially saved as numerical formats with two digit precision.  And in DR 
1.02 the ID numbers were replaced by characters and symbols which were 
saved as the TEXT format. 
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Figure 3.41  The bug in time-event list in DR v1.01 (left) and solution in DR 
v1.02 (right) 
 
3.5.3 CLA version 1.03 
 
No new function was added from CLA v1.02 to CLA v1.03 and developments 
were focused on identify and fix bugs. 
 
An example is that, in TG v1.02 was not able to undo and redo the names.  For 
example, if users use undo to delete a box which is just drawn, its name still 
remains in the name buffer, and will be automatically assigned to the next 
created element.  This bug was fixed, and users are able to undo and redo the 
name buffer together with the element buffer in TG v1.03. 
 
3.5.4 CLA version 1.04 
 
3.5.4.1 TG v1.04 
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What is new in TG v1.04 is that two arrays, element data (coordinates of left, 
top, right and bottom) and name arrays, were added in TG v1.04 below the 
function buttons (Figure 3.42), which are used as the indicators of element data. 
When the ‘edit array’ button besides the arrays is selected, a data editing 
window (Figure 3.43) will appear which allows users to access and edit the data 
level of the layout by feeding or changing coordinates into the buffer directly (as 
discussed in specifications).  And these data will be read into memory and 
layout will be updated by click ‘OK’.  This provides flexibilities for experienced 
users e.g. who are familiar with the arrangement of elements in layout design, 
and allows for precise layout design. 
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 Figure 3.42  The Early version of element data array and name array 
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 Data editing area 
Figure 3.43  Data editing window in TG v1.04 
 
Bugs were also found and fixed.  As shown in Figure 3.44, the name of last 
created element is not shown on the JPG result of TG v1.04, which was 
because a mistake in calculating the size of name buffer (how many names 
there are).  It was fixed by adding one more loop in TG v1.04 when generating 
the diagram result to show the last element’s name. 
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Figure 3.44  The JPG result from TG v1.04 (the lasted created element has 
no name). 
 
3.5.4.2 DR v1.04 
 
DR remained unchanged from v1.03 to v1.04. 
 
3.5.5 CLA version 1.05 
 
3.5.5.1 TG v1.05 
 
The interface of TG was changed.  The two arrays added in TG v1.04 were 
moved to the left-top corner in the interface of TG v1.05, and instead of showing 
data of many elements in TG v1.04, only data (coordinates and name) of one 
element is shown (Figure 3.45).  And two ‘increment/decrement’ buttons are 
provided as changers to view other element data in the arrays.  Same to the TG 
v1.04, users are able to feed in data to modify the layout using ‘Edit boxes’ 
button, which brings the data editing window shown in Figure 3.46 on which 
users are able to feed in details. 
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 Figure 3.45  The interface of TG v1.05 and save directory window. 
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 Figure 3.46  Data editing window in TG v1.05 
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Save directory window (Figure 3.45).  After running the TG v1.05, users will be 
asked to choose a location to save the layout results in a pop-up window.  
When saving the layout, users will be brought directly into this directory to save 
the results. 
 
Previous/existing layout can be read in and further edited.  Previous/existing 
XML result can be read in using the ‘Open’ button below the diagram, and users 
can further design the layout e.g. adding new elements or moving elements, 
according the changes happened in the realistic layout.  
 
‘New’ function is provided.  It is used when users want to create a new layout 
(unsaved layout will be discarded, therefore a warning window is included to 
alert users). 
 
Name length.  After a box is created, the name window will pop up, as shown in 
Figure 3.47.  The difference is that name length is limited to thirty-two 
characters or symbols, and if the name is shorter than thirty-two characters or 
symbols, it will be padded up thirty-two characters or symbols in order to align 
data in TEXT result from TG v1.05, and time-event list from DR v1.05.  An 
example of comparison is shown in Figure 3.48. 
 
 
Figure 3.47  Name entry window  
(name length is limited to thirty-two characters or symbols). 
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 (a) 
 
(b) 
Figure 3.48  Names are padded to thirty-two characters or symbols in TG 
v1.05  
(a) TEXT result from TG 1.02, (b) TEXT result from TG v1.05 
 
Name check included.  A name check function was added to avoid duplicate 
names.  When a duplicate name is given to an element, users will be alerted 
and asked to give it another name. 
 
A new result in TG v1.05.  Another result format was included, and layout data 
can be saved in a Microsoft Excel file (Table 3.6), which aimed to solve the 
alignment issue in text format (as shown in Figure 3.40, data are not aligned 
properly in the text format.  It was developed before the alignment issued was 
solved in TEXT result by padding element names to thirty-two characters and 
symbols). 
Table 3.6  The Excel file produced by TG v1.05 
Name Left Top Right Bottom
a 222 71 390 228
b 465 293 632 482
c 725 137 879 397  
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3.5.5.2 DR v1.05 
 
Early protocol of multi-operator function.  The multi-operator function was 
under-constructed since DR v1.05 and has not been added successfully in this 
version.  But the basic elements started to be built in.  An example is shown in 
Figure 3.49.  It is a pop-up window after DR v1.05 starts, asking for the number 
of operators to be monitored (from one to as many as six operators).  For 
example, the number of operators is designed to be three, and then there will 
be three buttons at left-top corner of the interface with each representing one 
operator (Figure 3.50).  They are operable but do not have any effect to the 
data recording results. 
 
 
Figure 3.49  Window acquiring for the number of operators 
 
Save directory window appears after the multi-operator window for results 
saving location (same as the version 1.12), and then users will be presented 
with the interface (Figure 3.50).   
 
The interface was slightly changed by adding in ‘Read in template’, and 
replacing ‘Save result’ and ‘Draw and Save’ with ‘End Recording’ and ‘Analysis’: 
 
In previous versions (v1.01- v1.04), the layout opening window appears 
automatically after DR runs, which is replaced by ‘Read in template’ button to 
read in the layout.   
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Figure 3.50  Interface of DR v1.05 
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‘End recording’ is to generate link diagram and time-event list, same to the 
‘Save result’ button in previous versions (v1.01- v1.04). 
 
‘Analysis’ is to generated new results processed link diagram and link table.  
 
New result format: time-event list saved in an Excel file.  ‘End recording’ is used 
to produces two types of time-event list saved in both TEXT and Excel files.  
The Excel format is included to benefit users for report generation.  As shown in 
Table 3.7, it is an example of time-event list saved in a Excel file: same to the 
TEXT file, the first column is the list of element names in chronological order; 
the second column is the elapsed time in seconds and the third column is also 
the elapsed time illustrated in ‘HH:MM:SS’ format. 
 
New data format is included in time-event list.  A column is added in both Excel 
and TEXT format of the time-event list (Table 3.7 and Figure 3.51): the start 
time in the format of ‘HH:MM:SS’ (nil digit precision is applied, e.g. 0.76 is 
converted to 00:00:01).  There is a ‘zero’ at front of the third column in both 
Excel and TEXT format of time-event list, and it is the overflow flag, which 
should be invisible, but was not removed yet. 
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Table 3.7  Time-event list in the Excel format (DR v1.05) 
a 0 0  00:00:00
c 0.76 0  00:00:01
b 1.31 0  00:00:01
c 1.78 0  00:00:02
b 2.23 0  00:00:02
c 2.64 0  00:00:03
b 3.06 0  00:00:03
a 3.51 0  00:00:04
b 3.92 0  00:00:04
a 4.33 0  00:00:04
b 4.75 0  00:00:05
a 5.19 0  00:00:05
c 6.11 0  00:00:06
a 6.62 0  00:00:07
c 7.08 0  00:00:07
a 7.55 0  00:00:08
c 8.06 0  00:00:08
a 8.7 0  00:00:09  
 
 
The overflow flag 
Figure 3.51  Time-event list in the text format (DR v1.05) 
 
New result: link table with link directions.  A link table with link directions is 
generated by ‘Save result’, which is saved in an Excel file (Table 3.8).  It is a 
variation of the traditional link table, as there is no information about the link 
directions in the traditional one. 
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Table 3.8  The link table with directions (DR v1.05) 
a b c
a 0 2 4
b 3 0 2
c 3 3 0  
TO 
FROM 
 
New result: processed link diagram.  More information is included in the 
processed link diagram, e.g. link frequency and link directions (Figure 3.52).  
 
 
Figure 3.52  Processed link diagram from DR v1.05 
 
3.5.6 CLA version 1.06 
 
3.5.6.1 TG v1.06 
 
The interface of TG v1.06 is further decorated by adding in ‘Healthcare 
Ergonomics and Patient Safety Unit’ (HEPSU) logo.   
 
The function buttons below the diagram started to be integrated onto the menu 
bar (it will be detailed in TG v1.07, section 3.4.7.1). 
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The ‘save directory window’ was removed.  It was a redundant function, as 
users are able to choose the save directory when using ‘Save’ button to save 
the results. 
 
3.5.6.2 DR v1.06 
 
Overlapping element registration is enabled (as discussed in specifications).  
When a click occurs inside of overlapping elements, a window (Figure 3.53) will 
pop up for element selection.  This function is only able to deal with at most 
three elements, otherwise, only first three elements (according to the sequence 
when they are created: the sequence in the array) can be tracked.  
 
 
Figure 3.53  Overlapping element registration 
 
The processed link diagram is further tidied up to improve clarity, and a 
comparison of processed link diagrams between v1.06 and v1.05 is shown in 
Figure 3.54 (same DR data input: same element selection sequence). 
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 Figure 3.54  Link diagram comparison  
(left: version 1.06, right: version 1.05) 
 
New result: link table with no direction.  An example is shown in Table 3.9, with 
corresponding link table with directions shown in Table 3.8. 
 
Table 3.9  Link table with no direction 
a b c
a 0 0 0
b 5 0 0
c 7 5 0  
 
Changes were made to the time-event list in both formats.  As shown in Table 
3.10 (using Excel format of time-event list only as an example), changes include: 
(1) a title row was inserted into the time-event list, including name, elapsed time, 
etc; (2) two new columns of time duration were added; (3) absolute times of the 
interactions start and end were included; (4) elapsed time in the format of 
‘HH:MM:SS’ was removed; (5) The overflow flag shown in Table 3.7 and Figure 
3.51 was removed. 
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Table 3.10  Time-event list (DR v1.06).   
(Bug highlighted was solved in v1.09, section 3.4.9) 
Name Elapsed  time Time Duration (s) Start time Stop time Time duration
a 0 0 12:38:06 12:38:07 00:00:01
c 0.53 0.53 12:38:07 12:38:07 00:00:00
b 0.97 0.44 12:38:07 12:38:08 00:00:01
c 1.37 0.41 12:38:08 12:38:08 00:00:00
b 1.76 0.39 12:38:08 12:38:19 00:00:11
c 12.87 11.11 12:38:19 12:38:20 00:00:01
b 13.37 0.5 12:38:20 12:38:20 00:00:00
a 14.3 0.92 12:38:20 12:38:21 00:00:01
b 14.94 0.64 12:38:21 12:38:22 00:00:01
a 15.42 0.48 12:38:22 12:38:30 00:00:08
b 24.01 8.59 12:38:30 12:38:31 00:00:01
a 24.59 0.58 12:38:31 12:38:31 00:00:00
c 25.03 0.44 12:38:31 12:38:32 00:00:01
a 25.62 0.59 12:38:32 12:38:32 00:00:00
c 26.22 0.59 12:38:32 12:38:37 00:00:05
a 30.44 4.22 12:38:37 12:38:37 00:00:00
c 30.89 0.45 12:38:37 12:38:37 00:00:00
a 31.36 0.47 12:38:37 00:00:00 -12:-38:-37
 
 
3.5.7 CLA version 1.07 
 
3.5.7.1 TG v1.07 
 
The function buttons were successfully built onto the menu.  Figure 3.55 is the 
interface of TG 1.07.  In this figure, function buttons are located both below the 
diagram and in the menu:  ‘new’, ‘open’ and ‘save’ functions are in ‘File’ menu, 
and ‘edit boxes’, ‘undo’ and ‘redo’ are in ‘edit’ menu.  The same function can be 
achieved by using the same function button in different locations. 
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Figure 3.55  Interface of TG v1.07 
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3.5.7.2 DR v1.07 
 
The CLA results were further polished: the size of arrows in processed link 
diagram is reduced in DR v1.07.  A comparison is shown in Figure 3.56. 
 
 
Figure 3.56  Link diagram comparison  
(left: version 1.07, right: version 1.06) 
 
3.5.8 CLA version 1.08 
 
3.5.8.1 TG v1.08 
 
The interface of TG v1.08 is shown in Figure 3.57 without diagram displayed, 
and all the function keys are moved to menu completely.   
 
Layout size window was added.  When users create a new layout, they will be 
asked to enter the size of the layout (pop-up window is the same with TG v1.12, 
Figure 3.15), rather then using a fixed-size diagram.  And this can be changed 
during layout creating process using ‘Layout size’ option in the ‘Edit’ menu. 
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 Figure 3.57  Interface of TG v1.08 
 
Dynamic element generation is enabled.  Boxes can be drawn dynamically with 
the mouse, and dynamical drawing process is visible (section 3.4.1.1). 
 
Duplicated name is allowed.  It is allowed in case users want to use the same 
name. 
 
Data indicator with function buttons in a pink box.  The element and name 
arrays were replaced by a data indicator, and a slider is provided instead of 
‘increment/decrement’ buttons.  And three function buttons were provided to 
move, delete element, and send data into the memory. 
 
The TEXT result of layout was removed from TG v1.08, leaving JPG, Excel and 
XML formats only.   
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3.5.8.2 DR v1.08 
 
DR remained unchanged from v1.07 to v1.08. 
 
3.5.9 CLA version 1.09 
 
3.5.9.1 TG v1.09 
 
TG remained unchanged from v1.08 to v1.09. 
 
3.5.9.2 DR v1.09 
 
Multi-operator data recording and importance level were added in DR v1.09 with 
its interface shown in Figure 3.58.  Window acquiring for the number of 
operators (Figure 3.49) was still used, and there are three operators in this 
example (six at most as mentioned before). 
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 Figure 3.58  Interface of DR v1.09 
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Two columns, ‘Multi-P’ and ‘Importance’, were included in time-event list (Table 
3.11).  A bug which is highlighted in Table 3.10 was solved.   
 
Table 3.11  Time-event list in DR 1.09 with two new columns  
Bug which is highlighted was solved in v1.10 
Name 
Elapsed 
time (s) 
Time 
Duration 
(s) Start time Stop time
Time 
duration Multi-P Importance 
a 0 0 14:35:56 14:35:56 00:00:00 1 Important 
b 0.73 0.73 14:35:56 14:35:56 00:00:00 1 Important 
c 2.97 2.24 14:35:56 14:36:39 0:1:-17 1 Ordinary 
a 3.64 0.67 14:36:39 14:36:44 00:00:05 1 Ordinary 
c 6.03 2.39 14:36:44 14:36:53 00:00:09 1 Unimportant
b 15.67 9.64 14:36:53 14:36:59 00:00:06 3 Unimportant
c 16.47 0.8 14:36:59 14:37:03 0:1:-56 3 Unimportant
a 18.11 1.64 14:37:03 14:37:08 00:00:05 3 Unimportant
c 20.34 2.24 14:37:08 14:38:33 00:01:25 3 Important 
a 20.7 0.36 14:38:33 14:38:34 00:00:01 3 Important 
c 32.95 12.25 14:38:34 14:38:36 00:00:02 1 Ordinary 
a 33.52 0.56 14:38:36 14:39:14 0:1:-22 1 Ordinary 
b 36.2 2.69 14:39:14 14:39:16 00:00:02 1 Ordinary 
a 36.61 0.41 14:39:16 14:39:18 00:00:02 1 Ordinary 
b 37 0.39 14:39:18 14:39:20 00:00:02 1 Ordinary 
a 45.8 8.8 14:39:20 14:39:22 00:00:02 2 Important 
b 46.44 0.64 14:39:22 14:39:37 00:00:15 2 Important 
a 46.77 0.33 14:39:37 14:39:39 00:00:02 2 Important 
 
Results of different operators are not separated to different results or folders in 
this version of DR: the interactions of all operators are all listed in the time-event 
list. 
 
3.5.10 CLA version 1.10 
 
3.5.10.1 TG v1.10 
 
Name check. The duplicated name was enabled in v1.08, and a name check 
was added to v1.10, so that a warning window would appear to confirm whether 
or not users are intended to use the duplicated name, or a blank name is given 
to an element. 
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3.5.10.2 DR v1.10 
 
The interface of DR v1.10 was changed as shown in Figure 3.59.  All the 
function keys were integrated onto the menu, with ‘open’ and ‘exit’ in ‘file’ menu, 
‘start’ and ‘stop’ in ‘session’ menu, and ‘save directory’ in ‘edit’ menu.   
 
 
Figure 3.59  Interface of DR v1.10 
 
A data indicator was added showing ID/name/time/importance/operator current 
element.   
 
Multi-operator data recording (as discussed in specifications).  From DR v1.10, 
users are only able to monitor at most three operators concurrently, as more 
operators result in increasing mistakes and errors.  As shown in the interface, 
three buttons are provided at left-top corner, with each one representing for one 
operator.  
 
Different folders for different operators.  The LA results of different operators 
were separated into four folders: three folders with each one containing the CLA 
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results of individual operators, and the fourth one having the integrated results 
of all operators. 
 
Link diagrams showing interactions of different operators (from the folder with 
results of all operators).  Colours were used to differentiate the interactions of 
different operators in link diagram (Figure 3.60). 
 
 
Figure 3.60  Link diagram showing all interactions (DR v1.10) 
 
‘Zeros’ in link tables were removed, and names in the first row were replaced by 
elements’ IDs.  An example is shown in Table 3.12 (compared to Table 3.9 with 
same DR data input: same element selection sequence). 
 
Table 3.12  Link table with no direction generated by DR v1.10 
1 2 3
1 a
2 b 5
3 c 7 5  
 
Three columns in time-event list were removed, ‘time duration’, ‘start time’ and 
‘stop time’, as shown in Table 3.13.   
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A bug which is highlighted in Table 3.11 was solved. 
 
Table 3.13  Time-event list (DR v1.10) 
Name Elapsed  time (s) Elapsed  time Operator Importance
a 11.11 00:00:11 1 Important
c 11.94 00:00:12 1 Important
b 12.38 00:00:12 1 Important
c 13.21 00:00:13 1 Important
b 13.71 00:00:14 1 Important
c 27.06 00:00:27 3 Ordinary
b 27.47 00:00:27 3 Ordinary
a 30.33 00:00:30 2 Ordinary
b 30.93 00:00:31 2 Ordinary
a 31.34 00:00:31 2 Ordinary
b 45.57 00:00:46 3 Unimportant
a 46.03 00:00:46 3 Unimportant
c 46.81 00:00:47 3 Unimportant
a 47.21 00:00:47 3 Unimportant
c 50.69 00:00:51 1 Important
a 51.46 00:00:51 1 Important
c 51.76 00:00:52 1 Important
a 52.07 00:00:52 1 Important  
 
TEXT format of time-event list was removed.  The same data are saved in both 
Excel and TEXT formats.  To increase the efficiency of the system, the TEXT 
format was removed, as Excel format is easy for report generation. 
 
3.5.11 CLA version 1.11 
 
For CLA v1.11 to v1.12, the main concept of CLA system 1.11 remained 
unchanged, while bugs and system were identified and solved, which will be 
discussed in Usability Test, section 5.4.2. 
 
3.5.12 CLA version 1.12 
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3.5.12.1 TG v1.12 
 
Element names were stacked on the top of element, so that they will not extend 
beyond the box and overlap with the name of another box. 
 
A warning window was added if an element is deleted in TG v1.12, and the 
name text was stacked on the top of element if the name is too long.  
 
3.5.12.2 DR v1.12 
 
Only boundary of elements is coloured when the box is selected, with green for 
current element, red for previous one and bold black for earlier elements.  That 
was because if several elements are on top of each other, filled colour of one 
element will result in other elements not being seen (covered by the colour). 
 
Quick wrong record deleting.  The last registered record can be deleted by 
simple right click to deal with wrong element selections during data recording 
sessions, and deleted element will be shown in purple.   
 
Comment window was added for additional notes which are saved in time-event 
list.  DR programme crashed down often, when early version of comment 
window was added.  Therefore ‘save’ option was added so that if saving 
frequently users were able to get the data saved from the last saving point.  
There is a list of clinical activities in the comment window which was updated 
constantly to add in more common behaviours.   
 
A time indicator option was built on the menu, which is used when the layout is 
too large and the time indicator at left is no longer visible, so that users do not 
need to waste time to scroll back to the left to check the time.   
 
The arrows in processed link diagram were changed from black to red making 
the directions clear. 
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3.6 Conclusion 
 
In this chapter, the initial plan of the CLA system was illustrated followed by 
detailed system demonstration of latest version, v 1.12.  A series of versions of 
the CLA system were developed based on user trials, technical enhancements, 
bug fixes and emerging requirements within three iterative tests, and system 
developments from v 1.01 to v1.12 were detailed. 
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4.1 Introduction 
 
‘Engineering as a profession is identified with the systematic knowledge of how 
to design useful artifacts or processes, a discipline that includes some pure 
science and mathematics, the “applied” or “engineering sciences” (e.g., strength 
of materials, thermodynamics, electronics), and is directed toward some social 
need or desire. But while engineering involves a relationship to these other 
elements, artifact design is what constitutes the essence of engineering, 
because it is design that establishes and orders the unique engineering 
framework that integrates other elements.’ (Mitcham, 1994) 
 
Following the developments of the first electronic computers in the mid-20th 
century, such as the first working programmable, fully automatic computing 
machine: the Zuse Z3 in 1941 (Rojas, 1998) and ‘the world's first fully electronic, 
general-purpose (programmable) digital computer’ (Kurzweil et al., 1990): the 
ENIAC (Electronic Numerical Integrator and Computer) in 1946, and the 
developments of programming languages in the 1950s, such as Fortran in 1954 
(Backus, 1981) and ALGOL (ALGOrithmic Language) in 1958 (Naur, 1960), 
Software Engineering, a relatively young area compared to other areas of 
engineering, first appear in the 1968 NATO Software Engineering Conference 
(Naur and Randell, 1968; Buxton and Randell, 1969; Van Vliet,1993).   
 
An early definition of Software engineering was given by Naur and Randell 
(1968): ‘software engineering is the establishment and use of sound 
engineering principles in order to obtain economically software that is reliable 
and works efficiently on real machines’.  The definition given in the IEEE (The 
Institute of Electrical and Electronics Engineers) Standard Glossary of Software 
Engineering Terminology (IEEE610, 1990) is that ‘software engineering is the 
application of a systematic, disciplined, quantifiable approach to the 
development, operation, and maintenance of software; that is, the application of 
engineering to software.’  It is a ‘systematic approach to the analysis, design, 
assessment, implementation, test, maintenance and re-engineering of a 
software by applying engineering to the software’ (Laplante, 2007).   
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Van Vliet (1993) presented the phases in the development of software (Figure 
4.1), as follows: 
 
 
Figure 4.1  A simple view of software development (Van Vliet, 1993) 
 
Requirements engineering is to ‘get a complete description of the problem to 
be solved and the requirements posed by and on the environment in which the 
system is going to function’. 
 
Design.  A model (structure) of the whole system is developed to solve the 
problems identified in the last step.  Design decisions have a major impact on 
the quality of the final system, as the architecture developed in this step is the 
fundamental of the system and it is very important in the software development. 
 
Implementation is the step from component specification to the executable 
code, and the result of the implementation phase is an executable programme. 
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 Testing is not a phase following implementation, and the testing may take place 
together with the implementation, as ‘the earlier that errors are detected, the 
cheaper it is to correct them’ (Van Vliet, 1993). 
 
Maintenance.  After software is handed over for use, inevitably, some errors do 
remain undetected.  0.5-3 errors per 1000 lines of code remain undetected in an 
extensively-tested software (Myers, 1986).  Some changes and enhancements 
may be identified by users.  ‘Maintenance thus concerns all activities needed to 
keep the system operational after it has been delivered to the user’ (Van Vliet, 
1993). 
 
In the development of the CLA system, the problems in the software 
development were identified and discussed in Chapter 2, and the system design, 
implementation and detailed development were presented in Chapter 3.  This 
chapter will review: 
 
• Software Testing literature review, including definition, history and 
applications (the testing methods used in software testing); 
 
• Phases in the development of the CLA system; 
 
• The testing methods used to test the CLA system. 
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4.2 Software testing 
 
4.2.1 Definition and history 
 
‘An error is a human action that produces an incorrect result. The consequence 
of an error is software containing a fault. A fault thus is the manifestation of an 
error. If encountered, a fault may result in a failure’ (Van Vliet, 1993).  And ‘a 
bug represents a defect component that will cause some type of failure or 
incorrect output with certain inputs. Sometimes fault or error is used for the term 
bug’ (Yang and Chao, 2002).  The primary aim of software testing is to detect 
errors/bugs/defects/faults/failures and correct them. 
 
The term of software testing is often used to describe the ‘techniques of 
checking software by executing it with data’, and a wider meaning adopted is 
‘testing includes any technique of checking software, such as symbolic 
execution and program proving as well as the execution of test cases with data. 
Checking, implies that a comparison is undertaken. The comparison is made 
between the output from the test and an expected output derived by the tester. 
The expected output is based on the specification and is derived by hand’ 
(Coward, 1988).  Software testing is a process, or a series of processes, 
designed to make sure computer code does what it was designed to do and that 
it does not do anything unintended. Software should be predictable and 
consistent, offering no surprises to users (Myers, 1979).  Three rules are noted 
by Myers (1979): 
 
• Testing is a process of executing of a programme with the intent of 
finding an error. 
• A good test case is one that has a high probability of finding an as-yet-
undiscovered error. 
• A successful test is one that uncovers an as-yet-undiscovered error.   
 
‘Steady growth in the inventory of good books is another indicator of the 
importance placed on testing’ (Gelperin and Hetzel, 1988): the first software 
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testing book was published in 1973 (Hetzel, 1973), following by Myers (1979), 
Beizer (1983), Beizer (1984), etc.  In the past 6 decades, software testing 
developed and was classified into several stages (Gelperin and Hetzel, 1988): 
•         –1956 - Debugging oriented 
• 1957–1978 - Demonstration oriented 
• 1979–1982 - Destruction oriented 
• 1983–1987 - Evaluation oriented 
• 1988–         - Prevention oriented 
 
Debugging oriented testing period.  Before 1956, ‘programs are written, and 
simply checked out by the programmers until they are satisfied that all the bugs 
had been identified and removed’, and in this period, ‘some or all of the 
identification and removal activities are described as testing; there is no real 
consensus as to what the testing part is’ (Laycock, 1993). 
 
Demonstration oriented testing period.  Testing was not distinguished from 
debugging until 1957 by Baker (1957): debugging, or sanity testing, is to ‘make 
sure the program runs’, and testing is to ‘make sure the program solves the 
problem’.  Both debugging and testing were included in the demonstration 
oriented testing period to detect, locate and correct faults (Figure 4.2).  
 
 
Figure 4.2 Demonstration and destruction model  
(Gelperin and Hetzel, 1988) 
 129
Destruction oriented testing period (Figure 4.2).  The definition of the testing 
and debugging changed again in 1979.  Myers (1979) describes this testing as 
‘the process of executing a program with the intent of finding errors’, and it is 
concerned with ‘revealing the presence of faults in the system’ (Laycock, 1993).  
While ‘debugging is concerned with locating and correcting those faults’ 
(Laycock, 1993).  Demonstration oriented and destruction oriented testing 
periods ‘separate testing out from other parts of software development, as a 
distinct and final stage in the life cycle model.  The emphasis is on the actual 
execution of the test cases by the implementation of the system’ (Laycock, 
1993). 
 
Evaluation oriented testing period.  After the publication of a guideline by the 
National Bureau of Standards (1983), ‘along with other analysis and review 
techniques, testing is integrated into an evaluation phase at the end of every 
stage of the life cycle’, and ‘the collective goal of the evaluation phase is to 
attempt to measure how well the products meet their requirements’ (Laycock, 
1993).  
 
Prevention oriented testing period.  ‘It is to prevent errors in each stage of 
the life cycle model by using testing and other evaluation techniques as the 
stage progresses’, while ‘the evaluation period, where testing and other 
evaluation techniques were only used at the end of each life cycle phase’ 
(Laycock, 1993).   
 
The first three periods (up to 1982) can mostly be considered as debugging 
oriented testing which detects and correct bugs aiming to make sure the 
software works technically and meets the requirements.  Evaluation oriented 
testing and prevention oriented testing (1983 onwards), using other analysis 
and review techniques, integrate testing into the life cycle model, aiming to 
reveal faults earlier and reduce the cost.  The difference is that in each phase 
testing can be carried out many times in prevention oriented testing and can 
only be used once at the end of the phase in evaluation oriented testing.   
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Surprisingly, since 1988, there do not seem to have been any documented 
testing developments. 
 
4.2.2 Scope 
 
‘The scope of software testing often includes examination of code as well as 
execution of that code in various environments and conditions as well as 
examining the aspects of code: does it do what it is supposed to do and do what 
it needs to do’ (Ahamed, 2009). 
 
4.2.3 Verification and validation 
 
Software testing is in association with two terms: verification and validation, 
which are defined by the IEEE Standard Glossary of Software Engineering 
Terminology (IEEE610, 1990) 
 
• Verification is the process of evaluating a system or component to 
determine whether the products of a given development phase satisfy the 
conditions imposed at the start of that phase.  ‘Verification asks if the system 
meets its requirements (are we building the system right)’ (Van Vliet, 1993). 
 
• Validation is the process of evaluating a system or component during or 
at the end of the development process to determine whether it satisfies 
specified requirements.  ‘Validation asks if the system meets the user’s 
requirements (are we building the right system)’ (Van Vliet, 1993). 
 
4.2.4 Testing methods 
 
Test techniques can be classified according to the criterion used to measure the 
adequacy of a set of test cases: 
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Coverage-based testing is to cover all statements of the product (program, 
requirements, document, etc).  
 
Fault-based testing focuses on detecting faults.  ‘The fault detecting ability of 
the test set then determines its adequacy’ (Van Vliet, 1993). 
 
Error-based testing.  ‘Error-based techniques focus on error-prone points, 
based on knowledge of the typical errors that people make’ (Van Vliet, 1993).  
For example some faults are often made, so the error-based testing would be 
carried out specifically aiming to test these faults. 
 
Alternatively, test techniques can be classified based on the source of 
information used to derive test cases: 
 
Black-box testing (Myers, 1979), also called functional or specification-based 
testing.  The testers do not have any knowledge of internal implementation.  
Methods including equivalence partitioning, boundary value analysis, all-pairs 
testing, fuzz testing, model-based testing, traceability matrix, exploratory testing 
and specification-based testing. 
 
White-box testing (Howden, 1978 and 1981) also called structural or program-
based testing.  The testers have access to the internal logical structure of the 
software in the derivation of test cases. 
 
4.2.5 Testing strategies/stages 
 
Several software testing strategies/stages are documented by Van Vliet (1993) 
and Pressman (1997): 
 
Unit testing is to test the individual components, to make sure each component 
functions properly as a unit. 
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Integration testing is used to test the composition of components (sub 
systems). 
 
System testing is used to test the whole system against the user 
documentation and requirements specification after integration testing. 
 
Acceptance testing is performed to test the whole system under the 
supervision of the user organization (emphasis is on testing the usability of the 
system). 
 
Installation testing is carried out if the system has to become operational in an 
environment different from the one in which it has been developed. 
 
4.3 Phases in the development of the CLA system 
 
4.3.1 System requirements, design and implementation 
 
Prior to the CLA system becoming executable programmes, as mentioned in 
section 4.1, several phases were involved: requirements, design and 
implementation.  The requirements, i.e. problems the CLA system aimed to 
solve, were identified by reviewing literature relevant to LA, and summarised in 
the Chapter 2.  The design and detailed implementation of the system were 
discussed in Chapter 3. 
 
4.3.2 System tests 
 
Three system tests focusing on different aspects of the system were designed 
using different testing methods mentioned (section 4.2): 
 
Technical Validation Test, a debugging oriented testing (debugging, section 
4.2.1), verification testing (whether system meets the requirements, section 
4.2.3), coverage-based testing (examination of code by the developer, section 
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4.2.4), fault-based testing (fault detecting, section 4.2.4) and white-box testing 
(as it was carried out by the developer who knew the internal logical structures 
of the system, section 4.2.4); 
 
Usability Test, a debugging oriented testing, validation testing (whether system 
meets the users’ requirements, section 4.2.3), fault-based testing and black-box 
testing (the system was tested with users who could not access to the internal 
logical structure, section 4.2.4); 
 
Beta-Test, a debugging oriented testing, validation testing (whether the system 
meets the users’ requirements, section 4.2.3), fault-based testing and black-box 
testing (the system was tested with users who could not access to the internal 
logical structure, section 4.2.4).  The differences between the Usability Test and 
the Beta-test were: (1), the system was tested with users who are familiar with 
the method of LA in Beta-testing, whereas in the Usability Test it was tested 
with users with a range of backgrounds who may not have known LA at all; (2) 
the system was tested in a real-world environment in Beta-testing, whereas it 
was tested in a laboratory environment in the Usability Test.  
 
Details of these tests will be discussed in section 4.4 and following chapters. 
 
4.4 The testing methods used in the development and 
evaluation of the CLA system 
 
Software testing is a process to detect and correct bugs in software products.  It 
can also be considered as an ergonomics process in software development to 
make sure that a piece of software product works according to the 
specifications reliably and that ergonomics factors have been considered in the 
design.   
 
Three prevention oriented tests (the tests were involved at each stage of the 
system development and then at the end) were designed and carried out to test 
the CLA system.   
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4.4.1 Technical Validation Test (Chapter 5) 
 
The Technical Validation Test was designed and carried out in a laboratory 
environment as the first test of the system to make sure the programmes 
satisfied the specified requirements (‘are we building the system right’ (Van Vliet, 
1993)): (1) technical operation (debugging oriented testing) and (2) accuracy 
(reliability testing).  The test was conducted by re-analysing two previous 
studies with a range of different complexity tasks using the CLA system.  
Comparisons were made between CLA and manual results to evaluate the 
system reliability and accuracy.   
 
System validation has developed from a small task involving a few people to a 
larger project due to the increasing complexity of the software (Myers, 1979; 
Van Vliet, 1993).   
 
4.4.2 Usability Test (Chapter 6) 
 
As the system was tested only by the developer/programmer in the Technical 
Validation Test, the Usability Test was designed and carried out, also in the 
laboratory environment, to test the system with users (‘are we building the right 
system’ (Van Vliet, 1993)): to further detect system faults, and to identify 
possible system improvements to enhance the system and improve usability.  It 
was conducted by collecting feedback from different background users after 
they performed certain tasks using the CLA system.  
 
In software design or computer sciences, the term of usability often refers to the 
elegance and clarity of the programmes.  Usability testing, as noted by Rubin 
(1994), is a process or technique to ‘collect empirical data while observing 
representative end users using the product to perform representative tasks’.  Its 
purpose is to eliminate system deficiencies and enhance performance, and to 
provide users an easy-to-use, satisfied and high-value-functional product.   
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4.4.3 Beta-testing (field testing) (Chapter 7) 
 
As both the Technical Validation Test and the Usability Test were conducted in 
the laboratory environment, the beta-testing was designed and carried out in a 
complex real-life environment, an Emergency Department (ED) at an UK 
hospital, to review system real-time data recording and analysis abilities and 
identify further improvements.  The test also aimed to make sure the faults 
identified in last two tests have been fixed, and gain feedback about any further 
fault or bug experience from system users, in order to reduce the probability of 
deficiency to the lowest level.   
 
Beta-testing for a computer product comes between the alpha-test and 
commercial release as the last stage of testing.  Beta-testing has been widely 
and repeatedly used in both industrial development and academic research 
(Dolan and Matthews, 1993; Proudfoot et al., 2003; Swanstrom et al., 2006; 
Zhang et al., 2007).  Alpha-testing is simulated or actual operational testing by 
potential users/customers or an independent test team at the developers' site, 
which is often carried out as an internal acceptance testing.  Beta-testing is 
usually conducted outside the software company or the programming team for 
real-world exposure by a limited audience (potential users/customers).  As 
described by Dolan and Matthews (1993), potential users are asked to ‘try out’ a 
product and report on their experience.  In order to increase the quantity and 
quality of feedback, some companies even offer the product to the public by 
sending the beta version or free trial version of the product over the internet (for 
example, Mozilla offers a latest beta version of Firefox, 4.0 Beta 7, for beta-
testing online [http://www.mozilla.com/en-US/firefox/all-beta.html], retrieved on 
7th December 2010, Appendix A).   
 
Although testing can be an endless loop (section 1.4), these three tests were 
specially designed as a robust combination of tests for the CLA system, aiming 
to evaluate all functions in different environments with users using different 
testing techniques in order to enhance the performance and to reduce the 
probability of deficiency to the lowest level. 
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5.1 Introduction 
 
Before the system testing, the CLA system had been developed and upgraded 
to v 1.05.  The first steps of the CLA system development for both the TG and 
DR are shown in Tables 5.1 and 5.2, and detailed system developments and 
improvements were discussed in section 3.4.1 to 3.4.5. 
 
The Technical Validation Test was carried out in the laboratory as the first test 
of the CLA system to evaluate accuracy of system results and reliability/validity 
of the system by re-analysing two previous studies with a range of different 
complexity tasks using the CLA system.  Comparisons were made between 
CLA and manual results to evaluate the system reliability and accuracy.  This 
chapter will describe the test, including: 
 
• Aims and objectives; 
• Method; 
• Results and discussion; 
• Limitations and further work;  
• System developments and improvements in the Technical Validation 
Test. 
 
 
 
 
 
 
 
Table 5.1 Early developments of CLA: Template Generator (v1.01 – v1.05) 
 CLA v 1.01 CLA v 1.02 CLA v 1.03 CLA v 1.04 CLA v 1.05 
+ Basic box drawing 
function 
* User-specified name 
(characters or symbols)
 * Box moving by editing 
data array 
+ Interface changes 
(e.g. adding ‘Read in 
template’ button) 
+ Basic box moving 
function 
* Element names are 
saved in layout results 
 
+ Data arrays 
(coordinates and names) 
for precise layout design
+ Save directory 
window 
+ Name elements using 
auto-assigned ID 
numbers 
   
+ New result format: 
time-event list in a Excel 
file 
+ Save layout result in 
JPG, TEXT and XML 
formats 
   + New data: start time 
in : time-event list  
  
  
+ New result: link table 
with directions & 
processed link diagram 
TG 
DEBUGGING 
+ represents for adding new function, and * represents editing existing function 
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Table 5.2 Early developments: Data Recorder (v1.01 – v1.05) 
 CLA v 1.01 CLA v 1.02 CLA v 1.03 CLA v 1.04 CLA v 1.05 
+ Fast data registration    + Interface changes (e.g. adding 
‘Read in template’ button) 
+ Real-time data recording    + Save directory window 
+ Colours indicating previous 
elements  
   + New result format: time-event list 
in a Excel file 
+ Instant result generating (link 
diagram and time-event list)     + New data: start time in : time-
event list  
+ New result: time-event list with 
time stamps and order    
+ New result: link table with 
directions & processed link 
diagram 
DR 
DEBUGGING 
+ represents for adding new function 
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5.2 Aims and objectives 
 
The purposes of the Technical Validation Test were: 
 
• To compare the CLA results with manual results for identical tasks to 
evaluate the accuracy of the CLA results; 
 
• To assess the performance of the CLA system (reliability of CLA system) 
throughout the test, and identify system bugs and faults; 
 
• To further develop the system based on the findings to improve reliability 
and accuracy  
 
5.3 Method 
 
5.3.1 Test design 
 
The Technical Validation Test was carried out in a laboratory environment 
(Healthcare Ergonomics and Patient Safety research Unit (HEPSU) lab in 
Loughborough University).  Two previous studies (Whitehead, 2008; Thorne, 
2008) in which the traditional (manual) LA method was used, were re-
investigated using the CLA system by the author, using the raw observational 
data from previous studies (Whitehead, 2008; Thorne, 2008).  The CLA results 
were compared with the results from previous studied (manual results) by the 
author to evaluate the accuracy of the CLA results and reliability of the system.   
 
The reasons of choosing these two studies were because: 
 
• Raw observational data were provided in both two reports, so that they 
could be input into the CLA system for the CLA results. 
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• Both of link tables and link diagrams were provided in the two reports, so 
that comparisons could be. 
 
• Tasks studied by Whitehead and Thorne have different complexities: the 
task by Whitehead has approximately ten to fifteen links involved while the task 
by Thorne has more than sixty links.  Therefore, the system ability of dealing 
with tasks with different complexities could be assessed   
 
Flow chart of the Technical Validation Test is shown in Figure 5.1. 
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Figure 5.1  Flow chart of the Technical Validation Test 
Stage 1: Two-sided document 
reproduce task 
Stage 2: Ambulance compartment 
Part 1 
Stage 3: Ambulance compartment 
Part 2 
Participant
A 
CLA 
Participant
B 
CLA 
Participant
C 
CLA 
Participant
D 
CLA 
Participant
A 
Manual 
Participant
B 
Manual 
Participant
C 
Manual 
Participant
D 
Manual 
Comparison between 
link tables & link diagrams 
Trial 1 
CLA 
Trial 1 
Manual 
.....
.....
Trial 26 
CLA 
Trial 26 
Manual 
26 trials 
Comparison between 
link diagrams 
Trial A 
CLA 
Trial A 
Manual 
Trial B 
CLA 
Trial B 
Manual 
Comparison between 
link tables 
5.3.1.1 Stage 1: Re-assessment of a two-sided document reproduce task 
 
The study by Whitehead (2008) was an ergonomics assessment of the interface 
design of a new photocopier (Figure 5.2a).  In Whitehead’s study, the two-sided 
document reproduction task was chosen, as ‘using the photocopier to 
reproduce a document was a well-defined task with real human/machine 
interface controls (hardware and software buttons), displays (LCD display 
screen), and procedures’ (Whitehead, 2008).  Four participants were recruited 
by Whitehead, with none having previous knowledge of this model of machine 
or having read the instruction manual (naive participants).  This task had 
approximately ten to fifteen links between components on the photocopier (e.g. 
software buttons on a LCD or Feeder Tray).  The participant actions were 
observed, noted and listed in the report (as raw observational data) by 
Whitehead, together with four sets of LA results (link diagram and link table only) 
which were generated manually by Whitehead. 
 
This study was re-analysed using the CLA system by the author: (1) the layout 
of the photocopier was created in the CLA system (Figure 5.2c) by the author, 
according to the layout from previous study (Whitehead, 2008) shown in Figure 
5.2b; (2) the observational data in the previous study (four lists of actions by 
four participants carrying out two-sided document reproduction task) were input 
into the DR by the author.  Four sets of CLA results were generated by the CLA 
system, and link tables and link diagrams from the CLA system were checked 
by the author with the manual results from Whitehead (2008), to assess the 
accuracy of the CLA results and reliability of the system. 
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(a) 
 
Feeder Tray 
LCD & Software 
buttons 
Buttons 
(On/Off, Start)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
C 
F J 
D 
A 
E G 
I H 
K 
(b) (c) 
Representations of characters (code of action): 
A On/Off    B Start 
C Cancel  (LCD)  D Feeder Tray 
E ‘Two-sided’  (LCD)  F 2 > 2-sided  (LCD) 
G OK   (LCD)  H Paper Select  (LCD) 
I Special Features (LCD)  J Hover/Scan/Move Finger away 
K Lid 
Figure 5.2  (a) Photocopier  
(b) layout from Whitehead (2008), (c) CLA layout by the author. 
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5.3.1.2 Stage 2: Evaluation of ambulance compartment Part 1 
 
The design of an ambulance patient compartment is difficult due to the confined 
space within the ambulance.  Ferreira and Hignett (2005) suggested that more 
ergonomics factors should be considered.  An ambulance compartment 
evaluation project was carried out in 2008 by Thorne (2008), to explore different 
working space design and layouts to recommend an improved patient 
compartment design.  In the previous study, the performance of ambulance staff 
was evaluated in two similar layouts by Thorne, with one layout having a side 
door and bulkhead window (called bulkhead window layout), and another 
having a bulkhead door (bulkhead door layout) (Hignett et al., 2009).   
 
In the previous study, a full-scale ambulance patient compartment simulator 
was built to the specification of a Mercedes Ambulance, and a mannequin 
(SimMan©) which was used as the patient simulator.  Figure 5.3 shows the 
ambulance mock-up and patient simulator.   
 
Six Ambulance crews with thirteen staff were recruited by Thorne to participate 
and perform simulation treatments to the mannequin in response to a chest pain 
patient care scenario in the two different layouts.  Movements of the staff e.g. 
reaching for consumables and equipment were recorded by three cameras by 
Thorne.  Thirteen staff participated and performed the simulation treatments in 
the two layouts, giving 26 datasets (26 sets of videos and 26 sets of manual LA 
results including link diagrams and link tables) (Thorne, 2008).   
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 Figure 5.3 Ambulance Mock-Up and patient simulator. 
 
Figure 5.4 Ambulance Bulkhead window layout (Thorne, 2008). 
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 Figure 5.5 Ambulance Bulkhead window CLA layout by the author 
 
This study was re-analysed using the CLA system by the author: (1) the layouts 
(there are two type of layout: side door and bulkhead window layouts) of the 
ambulance mock-up were created in the CLA system by the author, according 
to the layouts from previous study (the bulkhead window layouts by Thorne and 
by the author using the CLA system are shown in Figures 5.4 and 5.5).  (2) the 
observational data obtained from the previous study (the 26 sets of videos 
which were recorded by Thorne) were studied and LA data were collected using 
the CLA system by the author.  26 sets of CLA results were generated by the 
CLA system, and link tables and link diagrams from the CLA system were 
checked by the author with the manual results from Thorne (2008), to assess 
the accuracy of the CLA results and reliability of the system. 
 
However, when comparing the results from two methods, it was found that by 
the author, based on the same staff movements, the definition of the 
interactions using the CLA system was different to the previous study by Thorne, 
due to the lack of a pilot test in re-investigating the ambulance compartment 
using the CLA system and limited familiarisation with the task activities.  For 
example, it was found by the author that, to describe the movements of a 
participant reaching for element 3, then moving to element 2 with his/her 
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position unchanged, the two analysis methods used different representations.  
Figure 5.6 shows how the reaching movement was expressed by Thorne (2008): 
the location of the participant was recorded as an element and lines move 
between elements and the point where the participant is standing, with each 
interaction starting and ending at the place he/she is standing.  While, in Figure 
5.7 (CLA method), the line moves from element 3 to element 2 and the 
participant is not recorded as an element.   
 
This definition difference, produced differences in the results between the CLA 
and previous study.  Although there were differences, the similar patterns, e.g. 
densely populated areas, outliers and high frequency activities in the link 
diagrams between the two methods could be identified.  Therefore, the link 
diagrams from both methods were compared for their similarities in this stage. 
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 Figure 5.6  An example of interactions in previous report 
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 Figure 5.7  An example of interactions in CLA result 
 
5.3.1.3 Stage 3: Evaluation of ambulance compartment Part 2 
 
Following stage 2, the definition used in the previous study was adopted in the 
CLA method by the author, to make sure that the input for the two methods was 
identical.   
 
As there were more than 60 links involved in each scenario, there would be 
more than 60 lines on each link diagram, which results in difficulties in 
examining whether link diagrams from two methods are identical.  Therefore, 
stage 3 analysed the LA results by directly comparing the data (link frequency) 
in link tables from two methods by the author.  More than 30 elements were 
studied in the layout of the ambulance compartment, the link tables thus were 
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larger than 30 by 30, so that data from only one scenario with two paramedics 
(i.e. two link tables) were enough for comparisons.  Videos of these two 
simulation scenarios (two clinical staff, Crew 6 in bulkhead window layout) were 
re-analysed using the CLA system in stage 3.  The link tables from two methods 
were compared. 
 
5.4 Results and discussion 
 
5.4.1 Stage 1: assessment of photocopier machine  
 
Four sets of comparisons were made between the two methods and the results 
are shown below. 
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Participant A 
 
Table 5.3  Photocopying activities of Participant A (Whitehead, 2008) 
Step Action Code of Action 
1 Presses ‘START’ button (nothing happens) B 
2 Moves finger/looks away from machine J 
3 Presses ‘ON/OFF’ button (machine powers up) A 
4 ‘Original’ document placed in feeder tray D 
5 Finger hovers over LCD screen J 
‘Paper Select’ pressed (brings up new 
screen) 6 H 
7 Cancel pressed (back to ‘Copy Basic Features Screen’) C 
8 ‘Two-sided’ button pressed E 
9 ‘2 > 2-Sided’ button pressed F 
10 ‘OK’ button pressed G 
11 
‘START’ button pressed (Document in 
feeder is drawn into the machine, 
document copied and copy plus original 
dispensed) 
B 
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Table 5.4 Link tables of Participant A.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
(a) 
 
 A B C D E F G H I J K 
 
A            
 
 
 
           B 
           C 
D 1           
   1         E 
    1        
 
 
F 
 1    1      G 
  1         H 
            I 
J 1 1 1 
 
 
(b) 
A         B        C        D        E         F         G        H        I          J         K
A         0 0 0 0 0 0 0 0 0 0
B        0 0 0 0 0 0 0 0 0 0
C        0 0 0 0 0 0 0 0 0 0
D        1 0 0 0 0 0 0 0 0 0 0
E         0 0 1 0 0 0 0 0 0 0 0
F         0 0 0 0 1 0 0 0 0 0 0
G        0 1 0 0 0 1 0 0 0 0
H        0 0 1 0 0 0 0 0 0 0 0
I          0 0 0 0 0 0 0 0 0 0
J         1 1 0 1 0 0 0 1 0 0
K        0 0 0 0 0 0 0 0 0 0
0
0
0
0
0
0
0  
 
    1    
K            
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(a) 
 
(b) 
Figure 5.8 Link diagrams of Participant A.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
 155
Participant B 
 
Table 5.5 Photocopying activities of Participant B (Whitehead, 2008) 
Step Action 
Code of 
Action 
1 
Presses ‘START’ button (machine powers 
up) 
A 
2 ‘Original’ document placed in feeder tray D 
3 Finger hovers over LCD screen J 
4 
‘Special Features’ button pressed (brings 
up new screen) 
I 
5 Finger hovers over LCD screen J 
6 
Cancel pressed (back to ‘Copy Basic 
Features Screen’) 
C 
7 Finger hovers over LCD screen J 
8 ‘Two-sided’ button pressed E 
9 Finger hovers over LCD screen J 
10 ‘2 > 2-Sided’ button pressed F 
11 ‘OK’ button pressed G 
12 
‘START’ button pressed (Document in 
feeder is drawn into the machine, 
document copied and copy plus original 
dispensed) 
B 
 
 156
Table 5.6 Link tables of Participant B.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
(An error in previous study was identified: the number highlighted in red 
in Table 5.6 (a) is in the wrong place.  It should be between I and J, rather 
than between H and J 
(a) 
  A B C D E F G H I J K 
 A            
 
 
 
B            
C            
D 1           
E             
F             
 
 
G  1    1      
H            
I             
 
 
 
J   2 1 2 1  2    
(b) 
A         B        C        D        E         F         G        H        I          J         K
A         0 0 0 0 0 0 0 0 0 0
B        0 0 0 0 0 0 0 0 0 0
C        0 0 0 0 0 0 0 0 0 0
D        1 0 0 0 0 0 0 0 0 0 0
E         0 0 0 0 0 0 0 0 0 0
F         0 0 0 0 0 0 0 0 0 0
G        0 1 0 0 0 1 0 0 0 0
H        0 0 0 0 0 0 0 0 0 0
I          0 0 0 0 0 0 0 0 0 0
J         0 0 2 1 2 1 0 0
0
0
0
0
0
0
0
0
0 0
K        0 0 0 0 0 0 0 0 0 0 0
2
 
 
K            
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 (a)  
The link diagram from previous study is correct although there is a 
mistake in link table from previous study 
 
(b) 
Figure 5.9 Link diagrams of Participant B.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
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Participant C 
 
Table 5.7 Photocopying activities of Participant C (Whitehead, 2008) 
Step Action 
Code of 
Action 
1 
Presses ‘START’ button (nothing 
happens) 
A 
2 Finger hovers over LCD screen J 
3 ‘Two-sided’ button pressed E 
4 ‘2 > 2-Sided’ button pressed F 
5 ‘OK’ button pressed G 
6 ‘Original’ document placed under lid K 
7 ‘START’ button pressed (menu resets) B 
8 Finger hovers over LCD screen J 
9 ‘Two-sided’ button pressed E 
10 ‘2 > 2-Sided’ button pressed F 
11 ‘OK’ button pressed G 
12 ‘Original’ document placed in feeder tray D 
13 
‘START’ button pressed (Document in 
feeder is drawn into the machine, 
document copied and copy plus original 
dispensed) 
B 
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Table 5.8 Link tables of Participant C.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
(a) 
  A B C D E F G H I J K 
 A            
            
 
 
B 
           C 
D  1          
            E 
    2       F  
 
 
   1  2      G 
           H 
           I  
 
 
 
J 1 1  2        
(b) 
A         B        C        D        E         F         G        H        I          J         K
A         0 0 0 0 0 0 0 0 0 0
B        0 0 0 0 0 0 0 0 0 0
C        0 0 0 0 0 0 0 0 0 0
D        0 1 0 0 0 0 0 0 0 0
E         0 0 0 0 0 0 0 0 0 0
F         0 0 0 0 2 0 0 0 0 0 0
G        0 0 0 1 0 2 0 0 0 0
H        0 0 0 0 0 0 0 0 0 0
I          0 0 0 0 0 0 0 0 0 0
J         1 1 0 0 2 0 0 0 0 0 0
K        0 1 0 0 0 0 1 0 0 0 0
0
0
0
0
0
0
0
0
 
 
K  1     1     
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 (a) 
 
(b) 
Figure 5.10 Link diagrams of Participant C.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
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Participant D 
 
Table 5.9 Photocopying activities of Participant D (Whitehead, 2008) 
Step Action 
Code of 
Action 
1 ‘Original’ document placed in feeder tray D 
2 
Presses ‘ON/OFF’ button (machine 
powers up) 
A 
3 Finger hovers over LCD screen J 
4 ‘Two-sided’ button pressed E 
5 Finger hovers over LCD screen J 
6 ‘2 > 2-Sided’ button pressed F 
7 ‘OK’ button pressed G 
8 
‘START’ button pressed (Document in 
feeder is drawn into the machine, 
document copied and copy plus original 
dispensed) 
B 
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Table 5.10 Link tables of Participant D.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
 (An error in previous study was identified: the numbers highlighted in 
Table 5.10 (a) are not correct while the correct ones are shown in Table 
5.10 (b) with red background.) 
(a) 
 
 A B C D E F G H I J K 
 
A            
 
           B 
            C 
 D 1           
            E 
    1        F 
 1    1       G 
            H 
            I 
 J 1   1 0       
 
 
(b) 
A         B        C        D        E         F         G        H        I          J         K
A         0 0 0 0 0 0 0 0 0 0
B        0 0 0 0 0 0 0 0 0 0
C        0 0 0 0 0 0 0 0 0 0
D        1 0 0 0 0 0 0 0 0 0 0
E         0 0 0 0 0 0 0 0 0 0
F         0 0 0 0 0 0 0 0 0 0 0
G        0 1 0 0 0 1 0 0 0 0
H        0 0 0 0 0 0 0 0 0 0
I          0 0 0 0 0 0 0 0 0 0
J         1 0 0 0 2 1 0 0 0 0
K        0 0 0 0 0 0 0 0 0 0
0
0
0
0
0
0
0
0
0  
K            
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 (a) 
 
 
×
(b) 
Figure 5.11 Link diagrams of Participant D.  
(a) from previous study (Whitehead, 2008), (b) from the CLA system 
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The result comparisons (link tables and link diagrams) between CLA and 
previous study are listed in pairs.  It was concluded that the results from the two 
methods in trial A and C (Participant A and C) were the same.  Although the 
results for Participant B and D from the two methods were slightly different, the 
results from the CLA system were found to be correct after Trial B and D were 
re-analysed again using both traditional pen and paper method and CLA system 
by the author.  Errors in previous study by Whitehead were identified and 
highlighted in Tables 5.6 and 5.10 and Figure 5.11 in red.  Therefore, it has 
proven that the CLA system performed reliably and the CLA results were 
accurate during the Stage 1 test, with no crashes or bugs/faults which resulted 
in system failure.  It was concluded that CLA system worked technically and 
performed reliably in Stage 1 and that the CLA results were accurate when 
analysing simple tasks (approximately ten to fifteen links). 
 
Apart from traditional LA results, additional results were provided in the CLA 
system including processed link diagram, link table with link directions and time-
event list.  More data (as mentioned in section 2.6 and 3.2) were also included 
such as time stamps, directions and chronological order of links.  Examples of 
these additional results generated from Participant A are shown in Figure 5.12 
and Tables 5.11 and 5.12.   
 
CLA used in stage 1 (v 1.05) was only able to produce a link table with 
directions (Table 5.11), but the link tables from the previous study (Tables 5.4a, 
5.6a, 5.8a and 5.10a) were link tables which had no link directions.  Therefore, 
the link tables from the CLA system were further processed (e.g. from Table 
5.11 to Table 5.4b) manually by removing link directions of the link tables, so 
that a comparison could be made with the manually generated link tables, as 
traditional LA only produces conventional link tables which have no direction 
information.  This issue leads to a system development: link table with no 
direction was added in CLA v1.06 (section 3.4.6.2). 
 165
 Figure 5.12  Additional results of Participant A carrying out the two-sided 
document reproduction task: processed link diagram 
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Table 5.11  Additional results of Participant A carrying out the two-sided 
document reproduction task: link table with directions  
A         B         C         D         E         F         G         H         I          J         K         
A         0 0 0 1 0 0 0 0 0 0
B         0 0 0 0 0 0 0 0 0 1 0
C         0 0 0 0 1 0 0 0 0 0
D         0 0 0 0 0 0 0 0 0 1 0
E         0 0 0 0 0 1 0 0 0 0
F         0 0 0 0 0 0 1 0 0 0
G         0 1 0 0 0 0 0 0 0 0
H         0 0 1 0 0 0 0 0 0 0
I          0 0 0 0 0 0 0 0 0 0
J         1 0 0 0 0 0 0 1 0 0
K         0 0 0 0 0 0 0 0 0 0
0
0
0
0
0
0
0
0
0  
 
Table 5.12 Additional results of Participant A carrying out the two-sided 
document reproduction task: time-event list (with the overflow flag, 
section 3.4.5.2) 
B            0 0 00:00:00
J            1.08 0 00:00:01
A            2.06 0 00:00:02
D            3.25 0 00:00:03
J            5.3 0 00:00:05
H            7.31 0 00:00:07
C            9.94 0 00:00:10
E            11.75 0 00:00:12
F            12.84 0 00:00:13
G           14.06 0 00:00:14
B            14.92 0 00:00:15  
 
5.4.2 Stage 2: evaluation of ambulance compartment part 1 
 
As mentioned, the definition of links were different in Thorne (2008) and the 
CLA system so the similar patterns in the link diagrams, e.g. densely populated 
areas, outliers and high frequency activities were compared.  An example of a 
comparison between the CLA and manual results is illustrated in Figures 5.13 
and 5.14 (other results are in Appendix B).   
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(a) 
 
(b) 
Figure 5.13 Link diagram of crew 1, paramedic 1 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure 5.14 Link diagram of crew 1, paramedic 2 in bulkhead door layout 
(a) previous result (b) CLA system result 
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As shown in Figures 5.13 and 5.14, it is impossible to compare the link 
diagrams whether they are identical.  Therefore, in this stage, the results were 
not satisfactory to prove the accuracy of the CLA results.  The only finding from 
stage was that the CLA system performed reliably with no unexpected or 
expected system crashes or breakdowns. 
 
5.4.3 Stage 3: evaluation of ambulance compartment part 2 
 
As mentioned in section 5.3.1.2, the links are defined differently between the 
previous study and the stage 2.  Therefore, the definition used in the previous 
study was adopted in the CLA method, to make sure that the input for the two 
methods was identical in stage 3.  The CLA results were examined in detail by 
checking each cell of only the link tables with the manual results.  Two sets of 
link tables were generated by the CLA system (Table 5.13 and 5.15), and 
compared with the manual link tables from same scenario (Table 5.14 and 5.16).  
Although the link diagrams were not examined, they are still included (Figures 
5.15 and 5.16). 
 
 
 
 
 
 
 
 
 
 
Table 5.13 Link table of Participant 1 (CLA result).  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Oxygen tap                      0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Work top 1                      0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Defibrillator                   0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Suction unit                    0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Work top 2                      0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
High level cabinets          0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Clinical waste bins          0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
sharps bin                      0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Chair1                          0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
patient                         0 0 1 0 0 1 0 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Responder bags             0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Chair2                          0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Chair3                          0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
BWWT                            0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
High level cabinet 2         0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P1                              0 0 0 0 0 3 0 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P2                              0 0 1 0 2 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0
P3                              0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 2 0 0 0 0 0 0 0
Another staff                   0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 0 0 0 0
Responder bag on floor  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0
Item on floor                   0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0
Drugs bag                       0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0
Drugs safe                      0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Stretcher                       0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 1 1 0 0 0 0 0 0 1  171
 
Table 5.14 Link table of Participant 1 (manual result (Thorne, 2008))  
* refers to movements between the same system component or a whole body movement of the paramedic/technician to a 
different location in the vehicle 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Paramedic/technician 2*
Patient 17 10*
Oxygen tap
Worktop1
Defibrillator 1 1
Worktop2 2 2
Clinical waste bins
Sharps bin
High level cabinet 3 1
Stretcher 2 3 1*
Bulkhead worktop 2
Responder bag on bulkhead worktop
Responder bag on floor 2
Responder bag in cabinet 4
Respionder bag on chair
Responder bag on attendant chair
Responder bag on stretcher
item placed on floor
Item placed on chair 2
item placed on attendant chair
Second paramedic/technician 8
Third paramedic/technician
Drugs safe
Drugs bag in cabinet 2
Drugs bag on floor
Drugs bag on bulkhead worktop
Drip hung up
Suction Unit
High level cabinet2
Bulkhead door
Left ambulance via back door
Phone at bulkhead  
172
 
Table 5.15 Link table of Participant 2 (CLA result).  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Oxygen tap            0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Work top                0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Defibrillator            0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Suction unit            0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Work-top                0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
High level cabinets 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Clinical waste bins 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
sharps bin              0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Chair1                    0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
patient                    0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
Responder bags    0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Chair2                    0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Chair3                    0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Worktop                 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
P1                          2 0 7 0 0 0 0 0 0 5 0 0 0 1 0 0 0 0 0 0 0 0
P2                          0 0 0 0 0 0 0 0 0 0 1 0 0 2 4 0 0 0 0 0 0 0
P3                          0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
P4                          0 0 8 0 2 0 2 0 0 11 0 0 0 0 0 0 1 0 0 0 0 0
Another staff 1       0 0 0 0 0 0 0 0 0 1 0 0 0 0 5 2 0 0 0 0 0 0
Another staff 2       0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Bag on floor           0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 3 0 0 0 0 0 0
High level cabinet  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0  
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Table 5.16 Link table of Participant 2: manual result (Thorne, 2008)) 
* refers to movements between the same system component or a whole body movement of the paramedic/technician to a 
different location in the vehicle 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Paramedic/technician 6*
Patient 17 1*
Oxygen tap 2
Worktop1
Defibrillator 15 1 1*
Worktop2 2
Clinical waste bins 1
Sharps bin
High level cabinet
Stretcher
Bulkhead worktop 2 1
Responder bag on bulkhead worktop
Responder bag on floor 3
Responder bag in cabinet 1 1
Respionder bag on chair
Responder bag on attendant chair
Responder bag on stretcher
item placed on floor
Item placed on chair
item placed on attendant chair
Second paramedic/technician 7
Third paramedic/technician
Drugs safe
Drugs bag in cabinet
Drugs bag on floor
Drugs bag on bulkhead worktop
Drip hung up
Suction Unit
High level cabinet2 1
Bulkhead door
Left ambulance via back door
Phone at bulkhead  174
 
(a) 
 
(b) 
Figure 5.15 Link diagrams of crew 6, paramedic 1 in bulkhead door layout 
(a) previous result (b) CLA system result 
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(a) 
 
(b) 
Figure 5.16 Link diagrams of crew 6, paramedic 2 in bulkhead door layout 
(a) previous result (b) CLA system result 
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The two link tables from participant 1 were identical.  Although there were 
small differences in the link tables from participant 2 (Tables 5.15 and 5.16) 
these were reanalysed and the CLA result was proven to be accurate.  It was 
concluded that CLA system had preformed reliably and accurately in Stage 3, 
and that it was capable of dealing with complex tasks. 
 
The CLA system was proven to be capable of dealing with the video data. 
 
Earlier versions of the CLA system (CLA v1.05-v1.08) were only able to 
record interactions of one operator at a time.  Therefore, the video clip of a 
scenario with 2 participants needed to be analysed twice for two separate 
CLA data collection sessions.  This leads to the development of adding a 
multi-operator data recording function to increase efficiency (section 3.4.5.2).  
 
In complex environments it is possible that there will be elements on top of 
each other.  Therefore overlapping element function was added for the layout 
creating and data recording in CLA v 1.06 to represent these situations 
(section 3.4.6.2). 
 
5.4.4 Bugs/faults and improvements 
 
System bugs/faults and some improvements were identified by the author in 
the Technical Validation Test and corresponding developments were carried 
out (section 3.4.5 to 3.4.8). 
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5.5 Limitations and further work 
 
Although findings indicated that the CLA system was reliable and accurate, 
there were limitations for both the test and CLA system. 
 
5.5.1 Limitations of the test  
 
Previous studies were re-analysed but there may have mistakes in the 
manual results (mistakes identified in Stage 1 and 3).  Therefore in order to 
make the comparisons, the tasks were analysed again to find out which one 
was correct by the author.  
 
In the Stage 2, it was found that the input definition for both methods was 
different, making it impossible to evaluate the accuracy of the system results 
based on the similarity of patterns in the link diagrams.  In order to make a fair 
comparison, Stage 3 was carried out using the input from the two methods 
using identical definitions.   
 
5.5.2 Limitations of the CLA system  
 
The limitations of the system are: 
 
• Overlapping elements creating and data recording (which was included 
in DR v1.06, section 3.4.6.2). 
 
• Multi person LA data recording (actions were taken during this test, but 
this function had not been added until DR v1.09 after the test). 
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5.5.3 Further system testing 
 
In the Technical Validation Test, the primary objective was to assess the 
system reliability and result accuracy rather than to identify bugs and faults, 
so only a few bugs were identified and fixed (detailed in Chapter 3).  The next 
test stage (Usability Test, Chapter 6) was designed to identify and fix bugs. 
 
5.6 System developments during and after Technical 
Validation Test 
 
The CLA system was developed from v1.05 to v1.08 within the Technical 
Validation Test, and developments are summarised in Tables 5.17 and 5.18 
(detailed were mentioned from section 3.4.5 to 3.4.8). 
 
 
 
 
Table 5.17  System developments within the Technical Validation Test (TG). 
 CLA v 1.06 CLA v 1.07 CLA v 1.08 
- Save directory window is removed 
(it is a duplicated function, as users 
still need to save the results at the 
end ) 
* Interface changes (function keys to 
menu) (as most of software put the 
function keys into menu to make the 
interface clean) 
* Interface changes (similar to TG 
v1.12) 
  + User-specific layout size 
(depending on system) 
  
+ Dynamic element generation (so 
that users can see the size and 
location) 
  + Data indicator (so that users are 
able to feed in data to edit layout) 
  - TEXT layout result is removed (it is 
enough to have Excel format result) 
TG 
DEBUGGING 
+ represents for adding new function, * represents editing existing function and - represents removing existing function 
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Table 5.18 System developments within the Technical Validation Test (DR). 
 CLA v 1.06 CLA v 1.07 CLA v 1.08 
+ Overlapping data recording (for 3D 
layout representation) 
* Decreased arrow size in processed 
link diagram (in order to improved 
clarity) 
 
* Improved clarity in processed link 
diagram 
  
+ New result: link table with no 
directions (as mentioned in 5.4.1) 
  
* Changes in time-event list (e.g. title 
row and time duration to improve 
clarity)  
  
   
DR 
DEBUGGING 
+ represents for adding new function, and * represents editing existing function 
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5.7 Conclusion 
 
The conclusion from the Technical Validation test was that the CLA system 
(both TG and DR applications) operated reliably and accurately and was 
capable of recording and analysing data in real time.   
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CHAPTER 6 
 
 
Usability Test of CLA system 
 
 
 
1 INTRODUCTION 
2 LITERATURE REVIEW 
3 COMPUTERISED LINK ANALYSIS (CLA) SYSTEM 
4 SOFTWARE TESTING 
5 TECHNICAL VALIDATION TEST 
6 USABILITY TEST 
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6.1 Introduction 
 
This chapter will describe the Usability Test, including the: 
 
• Aims and objectives; 
• Method; 
• Results and discussion; 
• Limitations and further work;  
• System developments and improvements in the Usability Test. 
 
6.2 Aims and objectives 
 
The objectives of the Usability Test were 
 
• To monitor the performance of twelve system users when they were (a) 
familiarising themselves with the CLA system using the user manual, (b) 
collecting LA data based on four sets of data; to identify bugs or system faults 
and the confusing places/steps where they spend time trying to execute certain 
commands; 
 
• To gather formal feedback for improvements of the system using 
questionnaires; 
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6.3 Methods 
 
6.3.1 Test design 
 
The Usability Test was carried out in a laboratory environment (Healthcare 
Ergonomics and Patient Safety research Unit (HEPSU) lab in Loughborough 
University).  Twelve people with various backgrounds (e.g. Ergonomics, 
Computer Studies) were recruited as system users to actually use the system 
and give feedback.  The CLA system was tested by only one system user each 
time.  On the arrival of the user, an information sheet (Appendix C1) was given 
followed by a consent form (Appendix C2).  Having agreed to participate by 
signing the consent form, a training (which will be detailed in 6.3.3) was given to 
the user by the author including LA training and CLA training.  The user was 
also given a copy of the user manual of the CLA system (Appendix C3) during 
the training, which gave a brief illustration of how the CLA system worked and 
was operated.  There were two example tasks in the manual and the user was 
required to complete these tasks with the help of the manual while their 
performance was monitored by the author.  System faults/bugs and confusing 
steps identified when the user operating the CLA system in the training were 
noted by the author in case the user forgot to report them in the questionnaire.  
Having familiarised with the LA and the CLA system, the user was required to 
use the CLA system.  The user was asked to record every link, but accuracy 
was not examined in this test, as the accuracy of the CLA system was assessed 
in Technical Validation Test (Chapter 5).  Before leaving the test, the user was 
given a questionnaire (Appendix C4), which was designed to assess user 
performance, satisfaction with the CLA system, and collect system faults and 
confusing/inefficient steps, as well as ideas and suggestions for system 
improvements, such as missing functions and data in result.  The test protocol 
was developed and tested in one pilot study with three people before the main 
data collection.   
 
An ethical approval was cleared by the Ethical Advisory Committee, 
Loughborough University.  An ethical approval is required by the University 
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Ethical Advisory Committee if the research involves human participants, to 
make sure the research with human participants is conducted according to 
generally accepted ethical principles, and to protect both the participants and 
the researchers. 
 
The flow chart of the test is shown in Figure 6.1 
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Figure 6.1  Flow chart of the Usability Test 
User 01 
User 02 
User 03 
User 04 
…
User 12 
Training  
1. LA training  
2. CLA training  
3. CLA practice 
Laboratory based test 
CLA user data recording trials   
Users collect data using CLA system 
from 4 observational data (sequence 
randomisation is applied) 
Questionnaire & 
Feedback 01 
…
 
Bugs/faults and 
the confusing 
places/steps 
identified during 
first two stages 
Questionnaire & 
Feedback 02 
Questionnaire & 
Feedback 12 
6.3.2 Tasks to be observed  
 
Construction tasks of building models using a Meccano set were studied using 
the CLA system in this test.  Meccano produces construction game sets and 
different models can be built using re-usable metal strips, plates, angle girders, 
wheels, axles and gears, with nuts and bolts to connect the pieces. It enables 
the building of working models and mechanical devices.  In the Meccano set, 
there are over ten models can be built, of which two were chosen due to the 
different levels of complexity (model one: approximately thirty links; model two: 
approximately sixty links).  Figures 6.2 and 6.4 show Model One and Two when 
they have been assembled, while the layouts of elements before assembling 
are shown in Figures 6.3 and 6.5.  The links/interactions to be recorded for the 
users with the CLA system in the data recording process were hand movements, 
moving forwards (for picking up elements) and backwards (for assembling 
elements).   
 
The data were presented in two formats in order to test the system capability of 
dealing with different types of observational data: a real time task completion 
(by the author) and a pre-recorded (video) task (Figure 6.6) for each of the 
assembly tasks (which were also completed by the author).  The task order was 
varied between participants in a random order to minimise sequence bias: (n = 
2 (assembling tasks) X 2 (representations of data: real time task completion and 
video) = 4). 
 
 188
 Figure 6.2  Model One: Assembly task 
 
 
Figure 6.3 Model One: Layout of elements (in video clips) 
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Figure 6.4 Model Two: Assembly task 
 
 
Figure 6.5 Model Two: Layout of elements (in video clips) 
 190
 Figure 6.6 Set up of video-recording assembly tasks using camcorder 
 
6.3.3 Training design  
 
Basic training of LA was provided by the author in a presentation, including 
definition, procedures, traditional manual method and drawbacks of LA.  A video 
(recorded by the author) was used in the presentation to illustrate traditional pen 
and paper method of LA.  In the presentation, the training on the CLA system 
was also included, such as capabilities of the system and benefits.   
 
After the presentation, the users were given a user manual to familiarise 
themselves with the system.   
 
6.3.4 Data collection  
 
6.3.4.1 Randomisation 
 
There were four data collection sessions to be observed (two real time task 
completions and two video clips) for each user.  Randomisation of the task 
sequences was applied (24 task orders = 4 x 3 x 2 x 1), as user performance 
enhanced with familiarity of the system and the assembling tasks.  The four 
observational data sessions were labelled as, 
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• Model One naturalistic data:  A 
• Model One video data:   B 
• Model Two naturalistic data:  C 
• Model Two video data:   D 
 
6.3.4.2 Users 
 
Virzi (1992) suggests that 65% of usability problems can be uncovered by three 
subjects, 80% can be found by five subjects, and as high as 95% of problems 
can be detected by nine.  It was decided to use 12 system operators (users).  
The combination of users and task orders is shown in Table 6.1.   
 
The characteristics of 12 users were shown in Table 6.2, and only two of them 
have experiences with the traditional method of LA.  An email was circulated in 
the Department of Ergonomics to recruit students (MSc/PhD) with experience in 
Ergonomics so that they could provide some feedback on the methodology 
(random sampling).  Additionally, as a software tool, the CLA system needed to 
be evaluated by some software specialists, so people from the Department of 
Computer Studies (and other relevant areas e.g. Department of Electronics and 
Engineering) were also invited to participate in the test, as they would be more 
expert in technical issues (convenience sampling, friends of the author).  The 
remaining users were recruited also using the convenience sampling method 
(friends of the author).  The purpose of choosing users from different 
backgrounds was to attempt to review as many aspects of the system as 
possible.   
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Table 6.1  Randomisation of sequence of data recording 
User ID Task sequece 
1 A>B>C>D
2 A>B>D>C
3 B>A>C>D
4 B>A>D>C
5 C>D>A>B
6 C>D>B>A
7 D>C>A>B
8 D>C>B>A
9 A>C>B>D
10 A>C>D>B
11 C>A>B>D
12 C>A>D>B  
 
Table 6.2  The characteristics of 12 users 
ID Background ID Background 
1 
Computer Science  
(male, novice user of LA) 
7 
Ergonomics 
(male, novice user of LA) 
2 
Electronic and Electrical 
Engineering  
(male, novice user of LA) 
8 
Ergonomics and Mechanical 
Engineering  
(male, little experience with LA) 
3 
Automotive Engineering 
(male, novice user of LA) 
9 
Business and Economics 
(female, novice user of LA) 
4 
Business and Economics 
(female, novice user of LA) 
10
Social Sciences 
(female, novice user of LA) 
5 
Ergonomics 
(female, novice user of LA) 
11
Ergonomics 
(female, novice user of LA) 
6 
Business and Economics 
(male, novice user of LA) 
12
Ergonomics 
(female, experience with LA) 
 
6.3.4.3 Test set up 
 
The set up of the test is shown in Figures 6.7 and 6.8, 
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Figure 6.7 Set up of usability test (front view) 
 
 
1
2
3
4 5
3
12
4
5
Figure 6.8 Set up of usability test (back view) 
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The laptop (1) in Figures 6.7 and 6.8 was the PC on which the CLA system was 
pre-installed and used by users for data recording.  The computer monitor (2) 
was used to show the video clips for LA training.  Table locations (3) and (4) 
were used for the assembly tasks for Models One and Two respectively with the 
users seated at (5).   
 
6.3.4.4 CLA layouts used in data recording  
 
Figure 6.9 and 6.10 show the details (element photographs and names) which 
were used to help the users recognise and identify the elements.  As the users 
were unfamiliar with the assembly tasks and layouts of the assembly tasks, CLA 
layouts for data collection printed and given to users (Figures 6.11 and 6.12).  
As mentioned in section 6.3.1,the user did not need to create layouts using TG, 
that was because: (1) the TG is a simple programme, and its functions were 
assessed by users during training when completing tasks in the manual, 
however, the tasks in the manual were too simple to test the full functions of the 
DR; (2) users were unfamiliar with construction tasks and the layout of the 
pieces, which would result in time wasted in creating the layout by users; (3) the 
functions of the TG would be tested in the Beta-testing with a large system.   
 
In the layouts by the CLA system (Figures 6.11 and 6.12), there are additional 
elements, ‘assembling or holding elements’ areas, which are considered as the 
original locations of the hand, so that the interactions with other elements 
(moving forwards for picking up elements and backwards for assembling 
elements) can be recorded using the CLA system. 
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 Figure 6.9  Layout for real time Model One assembling task, with element 
photographs and names            
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 Figure 6.10 Layout for real time Model Two assembling task, with element 
photographs and names           
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Figure 6.11 CLA Layout of Model Two (representing Figures 6.3 and 6.9) 
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Figure 6.12 CLA Layout of Model Two (representing Figures 6.5 and 6.10) 
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6.3.4.5 CLA results  
 
The users were asked to record all the link events using the CLA system. The 
CLA results by users were only analysed to identify bugs and system 
improvements, as the purpose of this test was to test the system with users for 
bug experience.  The usability test was to assess the users’ experience rather 
than to evaluate the users.  Moreover, the accuracy of CLA results was 
examined in the Technical Validation Test, and also would be further tested with 
the users who have experiences with the method of the LA in the Beta-testing.   
 
6.3.5 Questionnaire  
 
Questionnaires were used as they are described as ‘ideal for accessing quick 
opinions from target people about usability and other aspects of a product’ 
(Stanton and Young, 1999). 
 
A questionnaire was given to each user after he/she finished the data recording 
to obtain ideas and suggestions for system improvements.  1-5 rating scales 
were used in the questionnaire, so that users were able to select a number 
which was considered to reflect their feeling about the system.  
 
The reason why the method of questionnaire used in the Usability Test was: 
 
• Twelve users took part in the test, questionnaires were efficient in terms 
of researcher time and effort; 
 
• Performance and satisfaction of the CLA system needed to be assessed, 
and using this 1-5 rating method, comments on performance and satisfaction 
can be easily analysed using the questionnaire compared to the method of 
interview. 
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The questions in the questionnaire include asking users’ background, whether 
they have experiences with the LA, their performance with the CLA system in 
data recording (four data collection sessions for each user), their feelings on 
efficiency of the CLA system compared to the traditional LA method, further 
functions they expected and bug experiences.   
 
6.3.6 Data analysis 
 
The questionnaires and the issues logged during the CLA training process by 
the author, as well as some suggestions (obtained from an informal discussion 
with users after the test) were collected and analysed.  The bugs and system 
faults were summarised and documented.  Developments and improvements of 
CLA system were carried out. 
 
6.4 Results and discussion 
 
Pilot test with three people and tests with twelve users were conducted.  The 
users’ performance, findings in the test including bugs/system faults and ideas 
of improvements will be discussed in the following sections. 
 
6.4.1 Questionnaire 
 
12 users were recruited, and only two of them have experience with the 
traditional method of LA.  The characteristics of the users were shown in Table 
6.2 (Question 1-3: users’ background and experiences with the LA). 
 
All the users confirmed that they knew how to perform the LA manually and 
using the CLA system after the training and before the data collection using the 
system (Question 4: knowledge of the LA and the CLA system). 
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All the users felt that they have completed all tasks successfully (Question 5). 
 
Question 6 asked users’ feeling about their performance according to the four 
observational data (realistic and video data), with 1 indicating very bad and 5 
representing very good.  Seven users felt that their performance with the four 
tasks was relatively good, with 4 (given by 4 users) or 5 (given by 3 users) in 
Question 6.  The minimum score was 2 from a user in the first data collection 
session, as he explained the movements (interactions) were too fast to be 
recorded at the beginning due to the lack of experience of the assembly task 
and the CLA system.  However, he also mentioned his performance was getting 
better with the process of the test.  The later tasks (in chronological order) 
recorded higher scores, this was probably due to the increasing familiarity of the 
CLA system and assembly tasks. 
 
Although the definition of the link in this test (moving forward to pick up and 
backward to assemble) was explained before data collection and the users 
confirmed that they understood the test, there was still one user who interpreted 
a link incorrectly (only among the elements, Figure 6.13, and it was not able to 
illustrate the forward and backward interactions). A correct representation of the 
links is shown in Figure 6.14.  The primary objective of this test was not focused 
on the system results, although the user interpreted the links incorrectly, his 
data (questionnaire) was still included in the analysis.  
 
All the users felt that the CLA system was more efficient than the manual 
method giving 4 (by 5 users) or 5 (by 7 users) in Question 7, system efficiency 
compared to the manual method (1 indicating very inefficient and 5 representing 
very efficient). 
 
Results from the questions about the functions and bugs will be presented in 
next section. 
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 Figure 6.13 Link diagram with links among elements (incorrect definition 
of links) 
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Figure 6.14 Link diagram showing correct forward and backward 
movements (correct definition of links)
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6.4.2 Bugs/system faults from training  
 
Several bugs were identified in the training.  The star rating was decided by the 
author according to the seriousness of the faults/bugs, with 1 indicating less 
serious faults/bugs (e.g. some inefficient steps) and 5 indicating the faults/bugs 
which may lead to system failures or errors in the results.   
 
6.4.2.1 ‘Name entry’ window bug in TG   
 
Description:  In the TG, after creating a rectangular box (an element), the 
‘Name entry’ window was brought forwards automatically (Figure 6.15), asking 
for a name for this box.  In the test, some of users shut this window by clicking 
the red cross without entering a name in the name entry field, resulting in 
system crash (system not responding at all). 
 
Solution:  The red cross function was disabled (becoming grey), so that this 
window can only be closed following the correct procedures (naming and 
pressing ‘OK’). 
 
 
Figure 6.15 Name entry window 
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 Figure 6.16 Save directory window 
 
6.4.2.2 ‘Save directory’ window bug in TG   
 
Description:  The same problem in the save directory window (Figure 6.16) as 
the bug in the name entry window (6.4.2.1): if the save directory window is 
closed incorrectly, it resulted in system crash.   
 
Solution:  The red cross function was disabled (becoming grey), so that this 
window can only be closed following the correct procedures. 
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6.4.3 Bugs/system faults from test  
 
Several bugs were identified in the test and are listed below with their 
descriptions, solutions and seriousness level:
 
6.4.3.1 ‘ENTER key on keyboard can not control OK button’ bug 
 
 
Description:  Normally in software products, the ‘ENTER’ key on the keyboard 
is always connected with the ‘OK’ button on the interface, if there is an ‘OK’ 
button.  However, in the CLA system, this link had not been built.  When users 
operated the system, as shown in Figure 6.15 and 6.16, after filling in the box, 
they always attempted to press ‘ENTER’ on keyboard instead of pressing the 
‘OK’ button.  
 
Solution:  The connection between the ‘OK’ buttons and the ‘ENTER’ key on 
the keyboard was built. 
 
6.4.3.2 Textbox keyboard focus and cursor blinking   
 
Description:  As shown in Figure 6.15, to enter the name, users needed to 
click inside of the textbox first then type in the name using keyboard, as the 
textbox was not keyboard focused after the window popped up.   
 
Solution:  Textbox keyboard focus and cursor blinking were included, so that 
users are able to type in the name directly. 
 
6.4.3.3 Data buffer bug in both TG and DR   
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Description: When creating a new template after finishing one in TG, the data 
buffers (where the result of layout is stored) were not emptied for the new layout 
(memory not cleared).  Similarly in DR, after finishing a data collection session 
and starting to collect data for a new session, the data buffers (where the LA 
results from last data session are located) were not cleared.  This bug lead to 
an incorrect layout in TG or LA results in DR, as the results were added to 
previous ones.  For example in DR, Trial A has ten links, while B has twenty 
links.  If A is recorded followed by B, due to this data buffer bug, the results are 
ten links and thirty links (20+10, results are added up).  This is shown in Figure 
6.17.  This task comprises approximately sixty links, however, links shown 
exceed this number, as the memory had not been cleared. 
 
Solution:  All the buffers (memory) were cleared after layout generation and 
data recording when ‘creating new layout’ and ‘opening existing layout’ 
commands are executed in TG, and ‘open template’ or ‘session => start’ 
commands are executed in DR. 
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Figure 6.17 Link diagram which comprises too many links due to data 
buffer bug 
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6.4.4 Ideas and suggestions of improvements 
 
Lots of ideas and suggestions of improvements of the CLA system were 
collected from the users, some of them were very interesting and helpful for the 
further developments.  The ideas and suggestions are listed below with the 
descriptions and corresponding solutions. 
 
6.4.4.1 Using realistic photos as background in both TG and DR  
 
Description:  In the TG when a new layout is created, only a white blank 
background is provided.  Users might not know where the elements should be 
located according to the naturalistic layout.  Therefore, having created every 
single element, they have to move and resize it several times to obtain a 
satisfactory location and size.  However, if a photograph was used as a 
background (for example Figures 6.3 and 6.5 or Figures 6.9 and 6.10 imported 
in TG as backgrounds), they could simply encircle the elements on the image.  
This could save time in editing the layout.   
 
After the layout is read into the DR, as shown in Figures 6.11 and 6.12, 
assembly elements are represented by their names and locations only.  
However, the users may not be familiar with the assembly tasks and there may 
not be a connection between the element names and their own description of 
the elements.  This could lead to a situation where a certain element is being 
picked up in the task assembly process and the user wastes time, trying to 
recognise which element it is and then deciding which box should be selected.  
With a photograph as the background, elements can be identified easily and 
quickly. This should increase the efficiency of data recording. 
 
Solution:  This function was added, so that users are able to use image as 
background in TG and DR to simplify the layout creating and data recording 
process. 
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6.4.4.2 Solution to incorrect selections in DR  
 
Description:  Human errors may occur in data recording, especially if the users 
have no experience with the CLA system and/or the assembly tasks. There was 
no solution in the version of the CLA system used in this trial, such as an ‘Undo’ 
option to delete the last data recorded.  Most users pointed this issue out and 
one suggestion was that it could be done with a right click of the mouse, which 
could delete the incorrect information.  
 
Possible solution:  The function of right click was explored in LabVIEW to find 
out if it could be utilised, and the quick element deleting function was added in 
CLA v1.12 to deal with wrong selected elements.  Details were presented in 
Chapter 3, system demonstration. 
 
6.4.4.3 Using AutoCAD as a tool to create layout instead of TG  
 
Description:  AutoCAD (Computer-aided design) is a highly developed 
software for the design of objects, real or virtual, which has been on the market 
for a long time and almost all of the users had previous experience with it.  
AutoCAD is a designed for manual drafting and engineering drawings and used 
to create all kind of curves and figures drawings in 2D or even 3D rather than 
simply rectangular boxes in TG.  Therefore, in some users’ opinions, if 
AutoCAD was used to design the layout, it would be easier.  However if users 
were not familiar with AutoCAD it could take more time than using the TG. 
 
Possible solution:  It might be useful to achieve this by developing TG copying 
ideas from AutoCAD (similar functions).  This could benefits both users who are 
familiar with AutoCAD and those who have never used it before.  However it is 
beyond the scope of the research, and was not considered at the stage of the 
system design (specification).  Therefore, it would take much time and effort to 
implement this function into the CLA system at this stage. 
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6.4.4.4 Fast registration using keyboard  
 
Description:  Fast registration using a keyboard should be considered in DR 
according to some users, to respond to the very fast and repetitive movements.  
For example, in the assembly tasks, a large amount of fastening elements (nuts 
and bolts) need to be picked up and assembled. It was suggested that it would 
be helpful if these movements could be registered using the keyboard instead of 
mouse clicking.  In order to increase the efficiency, it could be registered by 
pressing one key in the keyboard, e.g. ‘F’ represents the ‘fastening element, 
A501 and 502’, then this picking up and assembling movements can be logged 
faster. 
 
Possible solution:  After a box has been created in TG, a window pops up for 
a shortcut key for this element in order to enable fast registration in DR.  
However, there are only function keys, F1 to F12, that can be used for fast 
registration (other keys on the keyboard would be used for note logging during 
data recording), so that the number of elements which can be registered using 
keyboard is limited. 
 
6.4.4.5 Using relationship chart as additional result of CLA  
 
Description:  Another suggestion was to use a relationship chart (Figure 6.18) 
as an additional output of CLA.  The benefit of this relationship chart is that 
information, for example link frequency and importance, can be illustrated 
together.  In each cell, there is a figure and a character: the figure represents 
the link frequency while the character describes the importance level (A: 
Absolutely essential, E: Essential, I: Important, O: Ordinary, U: Unimportant, X: 
It is undesirable for two elements to be closely located, (Cullinane, 1977)). 
 
 
 
 
 
 212
  
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 6.18 Relationship chart (Cullinane, 1977) 
 
Possible solution:  It is worthy of considering it as an output format in case 
some users need it. However the current outputs from the CLA system already 
include all the information from the relationship chart (link frequency and 
importance).   
 
6.5 Limitations and further work 
 
6.5.1 Limitations of the test 
 
As the users were limited by their background knowledge and skills, the ideas 
and suggestions were restricted to the areas relevant to their experiences.  Also, 
as they were not professional software testers, there may be some bugs/system 
failures that have been missed in the Usability Test, and may be detected in the 
following test (Beta-testing, Chapter 7). 
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6.5.2 Limitations of the system 
 
System bugs and improvements were identified, however, few suggestions 
about the outputs of the CLA system, such as whether there were any other 
result types (or data) that CLA system could provide.  Therefore this issue 
needed to be addressed in the beta-testing of the system with the users who 
are familiar with the method of LA, so that the suggestions of result level of the 
system could be identified and corresponding improvements could be carried 
out. 
 
6.5.3 Further work 
 
Even though the CLA system has undergone two tests focusing on accuracy 
and reliability (Technical Validation Test) and usability (Usability Test) in the 
laboratory environment, it still needs further testing and development in the real 
field to detect system faults and further enhance functionality. 
 
6.6 System developments 
 
The system was upgraded from v1.08 to v1.11 using the results from the 
Usability Test, as well as some improvements identified by the author to 
enhance the functionality.  Developments are summarised in Tables 6.3 and 6.4 
(details were mentioned from section 3.5.9 to 3.5.11), 
 
Table 6.3  System developments within the Usability Test (TG). 
 CLA v 1.09 CLA v 1.10 CLA v 1.11 
TG  
+ Name check (to 
check duplicated 
name) 
 
 DEBUGGING 
+ represents for adding new function 
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Table 6.4  System developments within the Usability Test (DR). 
 CLA v 1.09 CLA v 1.10 CLA v 1.11 
+ Multi-operator 
data recording (to 
record concurrent 
links, as discussed 
in specifications) 
* Interface changes (all 
functions were removed to menu 
to improve clarity) 
 
+ Importance level 
(to describe the 
important level of 
links) 
+ An data indicator showing 
currently selected element (to 
make sure correct selection is 
made) 
 
 
+ Operators’ results were 
separated into different folder 
(as multi-data recording function 
is enabled) 
 
 
+ Different colours showing 
interactions of different 
operators (to improve clarity) 
 
 
+ CLA results changes (e.g. 
removing zeros in link table to 
improve clarity) 
 
DR 
DEBUGGING 
+ represents for adding new function, and * represents editing existing function 
 
6.7 Conclusion 
 
Suggestions of improvements and bug experiences were collected by 
monitoring the users’ performance and from questionnaires, and system 
improvements were carried out.   
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7.1 Introduction 
 
Having passed two tests focusing on system validity/reliability and usability, the 
CLA system progressed to beta-testing.  This chapter will describe the beta-
testing of the system which was also the last test of the system, including: 
 
• Aims and objectives; 
• Methods; 
• Results and discussion; 
• Limitations and further work;  
• System developments and improvements in the beta-testing. 
 
7.2 Aims and objectives 
 
The beta-test of the CLA system was an integral part of the development, 
aiming to: 
 
• evaluate the software functionality in a real field environment; 
 
• ascertain whether the previously reported system faults and bugs 
(Chapter 5 and Chapter 6) had been eliminated; 
 
• gain further feedback from system users and further develop the system. 
 
 
 
 
 
 
 
 217
 218
7.3 Methods 
 
7.3.1 Test design 
 
The flow chart of the test is shown in Figure 7.1 
 
 Figure 7.1  Flow chart of the Beta test 
System user 1 
System user 2 
System user 3 
Users 
gaining system 
familiarity  
Pilot tests 
Doctors 
Nurses 
HcAs 
Interviews 
Users 
analysing 
CLA data 
Field data collection in a hospital 
To collect bugs/faults and improvement ideas any time whilst 
users were (a) familiarising themselves with the system and (b) 
collecting data at the hospital to enhance the quality of data in 
the subsequent data collection sessions 
To identify further 
development ideas after 
users analysed CLA 
results 
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The beta-testing of the CLA system was carried out in a real-world environment, 
Leicester Royal Infirmary (LRI), United Kingdom.  Three final year 
undergraduate Ergonomics students participated as the system users.  They 
used the CLA system to record movements of ED staff and analysed the data to 
explore the interactions of staff within the department and review the layout and 
storage of equipment and consumables in the Majors, Minors and 
Resuscitations areas in the department.  One user shadowed the movements of 
doctors (n=21; 25 hours, 14 minutes), one user shadowed the movements of 
nurses (n=22; 22 hours, 20 minutes), and one shadowed the movements of 
healthcare assistants (HcAs)/clinical aides/housekeepers (n=14; 16 hours, 12 
minutes) in the department. A maximum time limit of two hours of each data 
collection session was set to minimise the observational pressure and fatigue 
for both staff and students. 
 
The students were accompanied and supervised by the author all the time when 
they collected data at the ED.  Fault and bug experiences, as well as ideas of 
improvements and comments on the system abilities of dealing with real-time 
data in the real environment, were supplied constantly to the author (and noted 
by author) during the data collection sessions, and corresponding system 
developments were conducted to enhance the quality of the data collected, and 
to make sure each data collection session was carried out smoothly. 
 
After data collection, the CLA results were analysed by the students to prepare 
their B.Sc dissertations, and system users were interviewed after the data 
analysis.  These interviews focused on the result level of the system and further 
system improvements, in order to find out whether (a) the CLA results met the 
expectations of the users, (b) the analysis was sufficient to take account of the 
complex real-world systems, and (c) there were other suggestions of system 
developments.  Further system improvements were conducted after the 
interview to ensure the CLA system had fewer faults and bugs. 
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7.3.2 Location of the test 
 
The beta-test was carried out in the ED at LRI. This is a large city-centre 
hospital and part of the University Hospitals of Leicester NHS Trust.  The 
department is comprised of Majors, Minors, Resuscitation area, Children’s ED, 
Emergency Decision Unit (EDU) and several waiting areas.  The movements of 
staff in Majors, Minors and Resuscitation were studied to review the layout and 
storage of equipment and consumables in these areas.  The Majors area 
consists of twenty standard bays, three assessment bays and three side rooms.  
The Minors area has twelve bays and the Resuscitation area has six bays. 
 
7.3.3 Participants 
 
Participants include system users and ED staff: 
 
Three system users were recruited from final year undergraduate students in 
ergonomics and psychology, Department of Ergonomics, Loughborough 
University.  As the test was carried out in a busy and complex domain, all the 
system users were fully briefed before data collection that they may see, hear, 
smell events that were distressing.  Each student was given an information 
sheet (Appendix D1) and informed consent (Appendix D2) was taken prior to 
the study.  A copy of the CLA system user manual was given to each system 
user, as well as the CLA system itself (a month before the field data collection), 
so that users were able to learn to use the system.  Additionally, users were 
tested with the tasks in the Usability Test and their performance was monitored 
by the author to make sure they were able to use the system before data 
collection in the hospital.  
 
The ED staff were recruited on the arrival at the ED (at the beginning of each 
data collection session), with either the Doctor-In-Charge (DIC) and Nurse-In-
Charge (NIC) identifying possible participants.  The users approached staff 
themselves as they gained familiarity with the environment and understood the 
different roles of ED staff.  For example, after several data collection sessions. 
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The user shadowing the doctors chose to follow doctors with different grades 
(junior, senior and DIC) in different areas (Majors, Minors and Resuscitation 
area) more intentionally (theoretical sampling).  The ED staff were often 
allocated by the DIC and NIC depending on staff availability and willingness to 
partake, i.e. participants were recruited with non-randomised sampling. 
 
Staff were given an information sheet (Appendix D3) and a consent form 
(Appendix D4) before each data collection session outlining the aims of the 
study, informing them that all data would be kept confidential and that they had 
the right to withdraw at any time.  If staff expressed any concerns about the 
data collection they could request the system users to stop data collection. This 
request could be made any time, without giving a reason. 
 
7.3.4 Ethical approval  
 
The study was granted ethical approval by Leicestershire, Northamptonshire 
and Rutland Research Ethical Committee 1 reference 09/H0406/104 and 
research governance clearance was given by University Hospitals of Leicester 
NHS Trust.  This project was also approved by Loughborough University Ethical 
Advisory Committee. 
 
7.3.5 Preparation  
 
The beta-testing of the CLA system was a collaborative project between 
Loughborough University and LRI (site collaborator: Professor Tim Coats).  The 
project was introduced at staff meetings in the ED by the site collaborator 
before data collection commenced.  Posters were produced for both staff and 
patients to alert people that there would be a study taking place in the 
department (Appendix D5).  Identification (Loughborough University student 
Identification card) badge holders and lanyards were prepared for students and 
the CI (Chief Investigator, Mr Yu Zhao, YZ).  These needed to be worn at all 
times during data collection so that they could be identified by staff and patient.  
Information about the department, e.g. roles of different areas/staff, and the 
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floor plan, was provided by the site collaborator.  All devices (computers, spare 
computer batteries, trolleys, etc.) were prepared for data collection.  Three 
laptop computers used for data collection were  
 
• Toshiba Portégé M700-110  
 
• Dell Inspiron 910 (replaced by Toshiba Portégé M700-110 shortly after 
data collection commenced, as the screen was too small for the large ED layout) 
 
• Toshiba Satellite Pro A120-140 
 
YZ visited the ED several times before data collection to familiarize himself with 
the environment and staff and carry out a pilot test to evaluate the usability of 
the CLA system and all devices involved. The pilot test tested: 
 
• The trolleys (Figure 7.1) which were intended to be used in the ED as a 
platform for the computer. It was found that these were not suitable as there 
were many staff working/travelling within the department and space was limited.  
It was felt that this might cause unnecessary interruptions and hinder the 
performance of staff, and also it might slow the users down when collecting data.  
Therefore, users needed to carry laptop computers to collect data. 
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Figure 7.2  The trolley intended to be used in the test. 
 
• The computer.  One feature of the tablet laptop computer is that the 
screen can be rotated and flipped over, as shown in Figure 7.3, and students 
could easily hold it as a notebook and collect data using a touching pen.  In 
terms of computer batteries, each data collection session was set to be no 
longer than two hours and computer batteries normally last approximately two 
hours.  Additionally, spare batteries were prepared in case of battery failure. 
 
• The Floor plan was out of date as the ED layout had been changed, e.g. 
bay numbers, and details such as sinks, cupboards, etc were missing in the 
floor plan.  Therefore, prior to data collection the users were required to include 
all elements in the ED and generate a template for data recording.  
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Figure 7.3 Toshiba Portégé M700-110 
 
7.3.6 Field data collection 
 
7.3.6.1 Pilot test 
  
Three pilot tests were completed by the users to test the proposed data 
collection method on a small sample. 
 
Pilot test one was carried out without computers.  Copies of the floor plan were 
given to the users to allow them to review and add changes.  Then three ED 
staff (a doctor, a nurse and an HcA) were assigned to users so they could follow 
them within the ED to gain familiarity with the busy environment, procedures 
and details of their job contents. 
 
Pilot tests two and three were similar.  Templates were generated using the TG 
after Pilot test one, shown in Figure 7.4.  The CLA system was used to shadow 
the movements of staff, aiming to let users become familiar with the system and 
check that the programme worked, as well as to test the battery life of the 
computers .  The templates generated were evaluated during these two tests, to 
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ensure they were adequate. However it was possible to change the template 
during the data collection to add more detail.   
 
 
Figure 7.4 Layout of floor plan created using the template generator 
(Woodcock, 2010) 
 
CLA version 1.11 was used in the pilot tests; this did not have the option to 
register additional clinical activity or any detail (comment function which was 
mentioned in section 3.3.2 and Figure 3.23).  Users were not able to attach 
notes or comments to each movement.  The richness of the pilot data was 
therefore low in comparison to the subsequent data collection sessions and the 
pilot test results were not used in data analysis. 
 
7.3.6.2 Data collection sessions  
 
Data collection took place during February and March, 2010 between 9am and 
5pm (Monday to Friday) in the Majors, Minors and Resuscitation areas.  The 
data collection time was chosen for convenience of the users and CI.  
Participants were asked to read the information sheet and complete the consent 
form before each session.  During the data collection, the users were not 
allowed to enter patient assessment/treatment cubicles/room to minimise their 
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contact with patients.  At the end of each data collection session, the CLA 
results were generated automatically and saved in pre-chosen folders by users.  
Additionally, users were required to check each CLA result to make sure it was 
saved properly to avoid the loss of results due to system failures.  Fault and bug 
experiences, as well as ideas of improvements and comments on the system 
abilities of dealing with real-time data in the real environment, were supplied 
constantly to the author during the data collection sessions, and corresponding 
system developments were conducted to enhance the quality of the data 
collected, and to make sure each data collection session was carried out 
smoothly.   
 
CLA version 1.12 was used during the data collection; this included the 
comment function to allow notes to be entered directly and saved in the time-
event list. 
 
7.3.7 Data analysis 
 
After each data collection session, the CLA data were collated to produce link 
diagrams (in JPEG format), processed link diagrams (in JPEG format), link 
tables (in Microsoft EXCEL format) and time-event lists (in Microsoft EXCEL 
format). These were saved into a folder previously created prior to each session.  
These CLA data were analysed by users.  In total, fifty-seven ED staff (twenty-
one doctors, twenty-two nurses, eight HcAs, three clinical aids and three 
housekeepers) were shadowed for 63 hours 46 minutes. 
 
Users analysed the data using different CLA results: 
 
The user who shadowed the movements of doctors used time-event lists to 
combine and categorise the activities in the ED into main (high level) tasks (e.g. 
combining ‘talking to colleagues’, ‘asking advise’, ‘using phone’, ‘instructing’ into 
‘synchronous communication’), and calculate time percentage of each task in 
each location (Majors, Minors and Resuscitation) by different grades of doctors 
(DIC, seniors and juniors), for example, it was concluded that juniors spent 22% 
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of time in synchronous communication in Majors.  Task data (time percentage) 
were compared between the three grades in different areas.  This user also 
used link tables to calculate the number of movements between elements in the 
ED.  Elements were grouped into macro areas according to the geographical 
adjacency (e.g. computers and cupboards at nurse station in Majors were 
combined into one macro area, Major Injuries Area Nurses Station).  Link 
frequency within and between these macro areas were calculated and 
compared.  Moreover, link diagrams were analysed to address the outliers in 
the layout. 
 
For the nurses, the processed link diagrams were analysed in NVivo (Gray, 
2004) to identify areas of densely populated areas, outliers and high frequency 
activities which were further investigated using the time-event lists to calculate 
the time percentage of each activity involved. 
 
The analysis of HcAs/clinical aides/housekeepers’ data used link diagrams to 
highlight the most frequent links and inefficient steps, and time-event lists were 
analysed in NVivo to identify common tasks, issues and problems, and to 
produce graphs for the twenty most frequent activities of each participant. 
 
7.3.8 Interview and system development 
 
The interview is a flexible and adaptable way of finding things out.  Face to face 
interviews allow the author to follow up interesting responses.  This is 
impossible in the method of questionnaire.  Moreover, only three users 
participated in the Beta-testing.  Therefore, the face to face interview was used. 
 
Interviews took place after data analysis, which was designed to assess users’ 
performance in data recording, satisfaction with the CLA system and the CLA 
results compared to the traditional LA method, as well as other development 
suggestions.  The questions in the interview include the users’ satisfaction with 
the CLA system and the CLA results compared to the manual method, further 
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functions/data users expected and bug experiences.  The interview schedule is 
shown in Appendix D6.   
 
System developments (including adding comment function window or save 
options in menu which will be detailed in section 7.4.1) were captured 
throughout the whole test, as feedback was constantly supplied by students 
during data collection.  Further improvements were made according to the 
issues gained in the interviews. 
 
7.4 Results and discussion 
 
7.4.1 System faults and ideas of improvements obtained during data 
collecting sessions 
 
System faults/bugs and ideas of improvements were constantly supplied to 
improve the programme these are listed below with their descriptions, solutions 
and importance level.  A star rating method is also used to describe bug 
importance levels, with 1-star indicating least important and 5-star representing 
most important. 
 
7.4.1.1 Taking notes during data recording   
 
Description: During the pilot test, (CLA version 1.11) users were not able to 
allocate notes to each movement to explain what exactly the participants were 
doing.  They had to note either on a notebook or computer to record additional 
data.  Note taking while following the ED staff was extremely difficult and time 
consuming.  It was suggested by the users that the comment function should be 
added. 
 
Solution:  The comment function was included (section 3.5.12.2).  A clinical 
activity list in a drop down menu and a description box are provided which allow 
users to input additional information to the pre-populated clinical activity list.  
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The clinical activities in the drop down menu were identified by users, and 
added to during data collection sessions, including asking for advice, giving 
advice, data entry, treating patient, talking to colleagues, talking to the patient, 
writing reports, reading patient information, undefined activity, etc.  The list was 
modified several times as the users gained familiarity with the department and 
job details of staff.   
 
7.4.1.2 System crash and save option in DR   
 
Description:  After the comment function was added, system crashes were 
reported: when some element was selected, the system crashed and did not 
respond to any operations.  The CLA system could only be shut down using 
‘End Task’ function in ‘Windows Task Manager’ and this resulted in losing all 
the data collection in this session, as the results could only be saved at the end 
of each session. 
 
Solution:  In order to avoid this unnecessary loss of data and waste of time, the 
save option (section 3.5.12.2) was included as a temporary fix, while YZ was 
investigating the reason for this system crash.  This allowed users to save 
results at any time and they were required to save results frequently, 
approximately every five to ten minutes, until the crash was fixed. 
 
The reason for the catastrophic crash was soon found.  The programme tracked 
the clicks on the touching screen all the time in a non-stop loop approximately 
every 100 milliseconds (ms), if one touch (if using the touch pen on touch 
screen) took relatively long time, for example 300 ms, it was sometimes 
recognised by programme as more than one click.  This lead to two or more 
events being registered at the same time with only one comment function 
window available.  This issue was fixed by adding a delay of 500 ms into the 
loop, allowing clicks to be read in one after another. 
 
7.4.1.3 Using colours to indicate selected elements in DR     
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Description:  In previous versions of the CLA system, different colours were 
used to indicate selected elements with red representing the currently selected 
element and green the element selected before the red one, with full element fill 
(Zhao et al., 2009), as shown in Figure 7.5 (Zhao et al., 2009),.  It was 
suggested by users that green should be used to indicating the current element 
and the whole box should not be filled, as boxes may overlap to represent 
elements at different heights.   
 
Solution:  The screenshot of improved programme is shown in Figure 7.6.  
Only the boundaries are coloured and the bold black elements are the 
previously selected elements (section 3.5.12.2). 
 
 
Figure 7.5  Using colours to indicating selected elements in previous 
version of DR.  
(Zhao et al., 2009) 
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Figure 7.6  Using colours to indicating selected elements in version 1.12 
 
7.4.1.4 Time indicator   
 
Description:  The time indicator on the left side of the screen could not always 
be seen, especially if the layout was larger than the computer screen size, so 
the users had to use the scroll bars to move to the correct part of the layout.  
Thus, the time indicator could not be present on screen all the time and this 
lead to a waste of time if users needed to check the time regularly.   
 
Solution:  Another time indicator option was added in the top menu bar (section 
3.5.12.2).  Once it is selected, an elapsed time window, shown in Figure 7.7, will 
pop up.  Data recording can be continued by pressing ‘OK’ button.  Thus users 
can check time easily. 
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Figure 7.7  Time indicator 
 
7.4.1.5 Text labelled on top of each element in TG   
 
Description:  Text (the name of element) was labelled on the top of the 
element in a line.  If the text was too long, it might extend beyond the box and 
overlap with the name of another box.   
Solution:  The names were stacked on the top of element (section 3.5.12.1). 
 
7.4.1.6 No warning when deleting an element in TG   
 
Description:  An element was deleted by selecting it using the scrolling bar and 
pressing the delete button, and it was deleted directly without any notice.  
 
Solution:  A pop-up window was added to alert users to this operation (section 
3.5.12.1).   
 
7.4.2 Ideas of improvements obtained after data analysis 
 
 233
After data collection and data analysis, users were interviewed for further 
system improvements which may not be identified yet.  Several system faults 
and improvements were obtained in the interviews.  For an example, it was 
pointed out by a user that a grid should be in use to replace the drop down 
menu (activity list) in the comment window.  In the interview, the user stated that 
when using the drop down menu in the comment window to assign a clinical 
activity to an interaction and input additional notes, four or five clicks were 
required (opening the drop down menu, scrolling down, choosing the activity 
from the list, clicking inside of the note area, input additional notes and clicking 
OK).  This was due to the length of the list of activities, sometimes users 
needed to scroll down to choose the activity, which was considered as a time-
consuming step.  It was suggested by the user that all the activities should be 
shown on the screen in grid so that this could be done by less clicks. 
 
7.4.3 Interviews results about CLA system and CLA results 
 
The three system users reported in the interviews that the CLA system (v1.12) 
met their expectations: 
 
• When they were asked the performance of the CLA system and 
applications of using the CLA system in other field, all three users agreed that 
the system had the capability of dealing real-time data in the ED, and they also 
though it was possible that the CLA system could be applied to other complex 
domain for real-time data collection and analysis. 
 
• When they were asked the time and effort required in using the CLA 
system to collect data and generate results compared to the traditional LA 
method, it was proven by all the users that the CLA system was an efficient and 
effective tool compared to the traditional method, and instant result generation 
after the data recording was able to save time and effort dramatically. 
 
• When they were asked their feelings about the CLA results, all the users 
were satisfied with the results: 
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o Link diagrams were used by the user shadowing the doctors to identify 
the outliers by eye-balling the diagrams directly, as he mentioned in the 
interview.  While the user shadowing the nurses used processed link 
diagrams to address the outlier, and she also used them to identify the 
densely populated areas.  Link diagrams were used by the user 
shadowing the HcAs for the frequent and large links.   
 
o It is difficulty to collect the information of number of movements between 
elements from the link diagrams and processed link diagrams (which will 
be discussed in section 7.5.1).  However, as mentioned by the user 
shadowing the doctors, link tables allowed for the frequency of links 
between elements when he analysed data. 
 
o The time-event lists (Microsoft Office Excel format), according to all the 
users, were the output that offers the greatest advance from traditional 
LA, as they provided details about each interaction with additional 
notes/descriptions, start/end time, duration and chronological order of 
interactions.  In the test, the time-event lists were the only result that 
were analysed by all three users.  Figure 7.8 and Figure 7.9 are two 
examples of students’ results developed from time-event lists. 
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Figure 7.8  Primary activities of doctors in Majors, developed from time-
event lists (David, 2010) 
 
 
Figure 7.9  Activities recorded for the Majors’ nurses, developed from 
time-event lists (Woodcock, 2010) 
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7.4.4 Other issues identified in the test 
 
7.4.4.1 High percentage of ‘Undefined activities’ recorded  
 
In the comment function, which pops up when an element is selected and 
allows additional clinical activity and notes to be added, there is an option called 
‘undefined activity’ in the pre-populated clinical activity list.  It is designed to 
describe the activities that users are unfamiliar with or the corresponding 
activities are not included in the list (which can be described using additional 
notes).  However, in one user’s result, a large proportion of ‘undefined activity’ 
(48%) was recorded (Figure 7.10).  The reason of this was explained in the 
user’s dissertation that either the user ‘did not know the activities, the option of 
that activity was not present on CLA, or there was not enough time to input the 
activity’ (Woodcock, 2010).   
 
 
Figure 7.10  Activities recorded for the Majors’ nurses including 
‘undefined activities’ (Woodcock, 2010) 
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This high percentage of ‘undefined activity’ may lead to the difficulties in 
analysing data.  In the dissertation, the user had to remove all the ‘undefined 
activities’ to analyse data (Figure 7.9).  However, the option of ‘undefined 
activities’ cannot be removed, so a maximum level of ‘undefined activities’ 
should be set to both increase the data quality and describe the interactions that 
are not recognised.  It was suggested 10% of ‘undefined activities’ could be 
included in the results (time-event list), but this would depend on the type of 
task and context of activity.   
 
Possible methods for reducing the proportion of the ‘undefined activities’ are: 
 
• CLA system should calculate the percentage of ‘undefined activities’ 
constantly during the whole process of data recording.  When too many 
‘undefined activities’ are recorded a warning will pop up to alert users.  However, 
this will not solve the problem completely as users may not have the expertise 
in the field and can not obtain enough familiarity of the environment within very 
short time, therefore are still likely to use the ‘undefined activities’ option too 
often. 
 
• More piloting: it was mentioned by users that more pilot tests would help.  
Only three pilot tests were carried out in which CLA Version 1.11 was used 
(without the comment function).  It was suggested that when the CLA system 
was upgraded to v 1.12, more pilot tests should have been carried out to gain 
familiarity with the new functions in the system.  Additionally, more pilot tests 
would have identified more activities to populate the clinical activity list.  With 
more defined options users would be able to describe the interactions 
accurately rather than use the ‘undefined activities’ option. 
 
• Experiences in the field.  Details of activities can be effectively collected 
by the researchers who are familiar with the environments.  For example data 
collected by doctors or nurses would be better that three system users.  
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7.4.4.2 Some activities listed in the drop down menu of comment function are 
similar  
 
As shown in Figure 7.9 and 7.10, there are some activities, such as ‘asking (for) 
advice, giving advice and talking to colleagues’, which could be confusing.  
More pilot work would have helped to further define the clinical activity list. 
 
7.5 Limitations and further work 
 
7.5.1 Limitation of the CLA system  
 
In the processed link diagram, arrows were included to show the directions of 
the interactions.  It was found that these were too big and the small boxes and 
element names were covered, shown in Figure 7.11.  If a large number of 
interactions were recorded in a data recording session, this could make the 
diagram very messy.  This problem has been on-going since the very early LA 
methods.  Further work is needed to address this problem. 
 
 
Exploded view 
Figure 7.11 Arrows cover the texts and boxes 
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7.5.2 Limitation of the test  
 
There are many functions in the CLA system that have not been tested 
including multi-people data recording and overlapping elements.  As only one 
ED staff member was followed at one time, the multi-people data recording 
function was not evaluated.  Also the elements in the beta test were located on 
the same level instead of overlapping each other, so this function was not 
tested.  Therefore, further tests are required to focus on these untested 
functions. 
 
7.5.3 Further work 
 
As software testing is iterative, further work includes more tests of the CLA 
system in hospitals or other complex environments to ensure it is reliable and 
capable of dealing with a range of contexts. 
 
 
7.6 System developments (CLA v1.11-v1.12) 
 
The system was upgraded from v1.11 to v1.12 within the beta-testing, and 
development details are summarised in Tables 7.1 and 7.2. 
 
Table 7.1  System developments within the Technical Validation Test (TG). 
 CLA v 1.11 CLA v 1.12 
TG  + Warning window when 
deleting element 
 DEBUGGING 
+ represents for adding new function 
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Table 7.2  System developments within the Technical Validation Test (DR). 
 CLA v 1.11 CLA v 1.12 
 + Comment function window 
 + Save option 
 + Time indicator option 
 + Colours indicator changes (e.g. boundary 
coloured only)  
 + Red arrow in processed link diagram 
 + Quick record deleting 
DR 
DEBUGGING 
+ represents for adding new function 
 
7.7 Conclusion 
 
The CLA system was proven to be an efficient and effective tool which was able 
to deal with real-time data in a complex environment, an ED, by all three users.  
During the test, the system operated reliably, and previously identified bugs 
have been proven to be removed completely.  Improvements were identified 
when the CLA system was being used in real environments, and further 
development suggestions were collected from user interviews, these were used 
to improve the functionality and usability of the system.   
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8.1 Introduction 
 
This chapter will review: 
 
• A summary of the CLA system development; 
 
• The benefits of the CLA system compared to traditional manual LA 
method and previously mentioned computer-aided LA methods; 
 
• Contributions to the knowledge including discussion of cross-boundary 
research, using CLA in other fields, comparison between the CLA system and 
current variations of LA methods, comparison between the CLA system and 
other LA tools with computers, how the CLA system can be used by 
researchers to improve the performance of task analysis, and comparison 
between the methods used to test CLA system and other software testing 
methods/strategies; 
 
• Other issues including the concept of a link and time saved by the CLA 
system; 
 
• Summary of the limitations, including limitations of the CLA system, three 
iterative tests and limitations of the software developed within academic 
environment compared to commercial software; 
 
• Further work: further directions or possible opportunities of system 
developments. 
 
8.2 Development of the CLA system 
 
The development of the CLA system is summarised in Figure 8.1.
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Figure 8.1  Development of the CLA system 
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8.3 Benefits of the CLA system  
 
Having passed three iterative tests, the CLA system was proven to be a reliable, 
efficient and effective integrated task analysis tool incorporating traditional LA 
functions, components of HTA and time-motion functions. Researchers are 
provided with additional outputs and data for more detailed analysis and wider 
research areas. 
 
The benefits of the system will be discussed in two sections:  
• Benefits compared to traditional LA method  
• Benefits compared other computer-aided LA methods (section 2.4). 
 
8.3.1 CLA benefits compared to traditional LA method  
 
The CLA system brings an evolution of LA in both the methodology and 
procedures.  The major benefits of CLA system are discussed in five areas: 
 
• Components of HTA and time stamps 
• Enrichment of data and results 
• Simplicity of layout creating, data collecting and result  
           generating and increased capability of real-time data recording 
• No human error in result generating process 
• Easy report formats of CLA results 
 
8.3.1.1 Components of HTA and time stamps 
 
As a task analysis method, traditional LA itself can not record any information 
other than a link map (link diagram) and frequency (link table), such as detailed 
information on interactions (Stanton and Young, 1999; Kirwan and Ainsworth, 
1992).  It is not able to support researchers from analysing details in the 
environment.  Therefore, in order to obtain both the link information and the 
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details of how a task is carried out, and to better understand the task and the 
environment, components of HTA were added into the traditional LA.   
Time stamps (start/end time and duration) which are assigned to the 
movements in CLA results automatically when the interactions are registered in 
the CLA system, bring aspects of time-motion study approach into the method 
of LA, which enables detailed temporal analysis.  This function was only 
possible in the traditional method of LA, when analysing video data and could 
not be achieved in real time.  
 
8.3.1.2 Enrichment of data and results 
 
In the traditional method, link diagrams and link tables are the only result 
outputs which may not be fully able to take account of all the details while the 
task is carried out. 
 
Functions e.g. comment window and link importance level, have been included 
in CLA which allow more details of the task to be recorded to enrich data and 
results: such as time stamps, chronological order and additional notes in time-
event list, and link direction in the processed link diagram.   
 
• Link diagrams and processed link diagrams providing spatial information 
(link maps) of where the movements/interactions occur can be used for spatial 
analysis, flow analysis or layout design.  Outliers, densely populated areas and 
frequent activities etc. can be easily identified.   
 
• Link tables, one of the traditional LA outputs, are often used when exact 
link frequencies between two elements are required.  However, for a large 
system, e.g. with 50 elements, the link table can be as large as 50 X 50 = 2500 
cells, leading to difficult and time-consuming data analysis.   
 
• Time-event lists integrate the traditional LA result (activities listed in 
chronological order), components of HTA (descriptions of activities) and time-
motion result (time stamp assigned to each activity).  Many useful data are 
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saved in the time-event list, for example, the list of descriptions to better 
understand the task and environment, and time stamps for temporal analysis.  
In the beta-testing (Chapter 7), the user shadowing the doctors used time-event 
lists in data analysis, and attempted to address behaviour differences between 
grades by comparing the time spent on the same activities between DIC, 
Seniors and Juniors (David, 2010).  Redding (1989) defines Cognitive Task 
Analysis (CTA) as an approach to describe the differences between novices 
and experts in the development of knowledge about tasks, thus the time-event 
list by the CLA system can assist CTA.  So, as well as LA, HTA and time-motion 
analysis, CLA results can support other analysis methods.   
8.3.1.3 Flexibility of layout creating, simplicity data collecting, speed of result 
generating and increased capability of real-time data recording 
 
The primary purpose of this research was to use computer techniques to 
simplify LA and enhance performance.  In terms of the procedures, the 
feedback from the users indicates that the CLA method is more efficient than 
the manual method in the beta-testing (section 7.4.3).  The virtue of the 
software is the increased speed of processing the results, as the data are 
calculated by the computer and the CLA results can be generated after data 
recording instantly.   
 
The capability of real-time data recording is increased in the CLA system.  The 
manual LA method can not respond to fast/short interactions quickly enough, as 
observers may be busy with drawing or correcting lines on the diagram, and 
may lose data.  The CLA system replaces more complicated manual processes 
with simple mouse clicks, which reduces the time spent on drawing and 
correcting lines when a mistake is made, thus decreasing the chances of losing 
interactions.  
 
However, although the feedback from users shows the time and effort can be 
reduced by using the CLA system in total, the use of some functions in the 
system results in users spending additional time and effort.  For example, in 
order to record the details of the interactions, users need to spend more time 
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and effort to select activity detail from the list in the comment window and attach 
further notes by manual keyboard input.  
 
8.3.1.4 No human error in result generating process 
 
In the traditional method, the results are calculated by humans, and it is 
possible that human error may occur, for example in sections 5.4.1 and 5.4.3, 
mistakes/human errors were identified in Stage 1 and 3 in the Technical 
Validation Test of the system. 
 
For the result generating process only, human errors are eliminated in the CLA 
results, as calculations are done by the computer.  Therefore, with the identical 
observational data input, CLA results are more reliable than the manual method. 
 
8.3.1.5 Easy report formats of CLA results 
 
The CLA results are saved in easily accessible formats including JPEG and 
Excel, which can be easily used in other tools (spreadsheets and word 
processors) for simplicity and speed of report generation.   
 
8.3.2 CLA benefits compared to computer-aided LA methods  
 
Some of the initial CLA design concepts were drawn from the computerised link 
analysis systems presented in section 2.4: for example the flexible layout 
design (drawing/moving/resizing/deleting/name elements) was from the CALA 
system (Glass et al., 1991); the early protocol of the time-event list came from 
the Link Analyzer system (Thorstensson et al., 2001); and the concept of the 
fast event recording method was from the FIT system (Held et al., 1999) and 
the LAPDA system (Napier and Hignett, 2005).  However, these methods had 
limitations which were discussed earlier (section 2.4), e.g. manual data 
registration or insufficient results for data analysis (no link diagram or link table).   
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The CLA system not only gives solutions to these limitations, but also takes a 
step forward based on these methods by incorporating many functions to 
enhance the performance and increase the usability.   
8.3.2.1 Solutions to the limitations 
 
• CALA system.  This system provides an example of flexible layout 
template generating.  A third software programme, CAD is used for layout 
design, giving flexibilities for element creating and editing.  However, the crucial 
limitation of this system is the manual data collection process, which was 
replaced by the simple and fast data recording method in the CLA system. 
 
• Link Analyzer system.  Link Analyzer by Thorstensson et al. (2001) 
offers an early prototype of the time-event list with start/end time, duration, 
start/end elements and classifications.  However, each interaction was logged 
onto a computer manually for start/end elements, and a classification was 
chosen and assigned to each link event from a pre-designed category.  Only the 
time stamps were recorded to the interactions automatically in this system.  The 
manual data registration process was time-consuming, and only allowed one 
operator to be shadowed.  Also the interactions were limited by the pre-
designed classification of activity which allowed no variation.   
 
• FIT system.  FIT was not specifically designed to improve LA, but it has 
a fast data registration method using a touch screen on a PDA.  This gave a 
direction of how the CLA system could be developed at a very early stage.  It 
converts the event registration from drawing lines on a diagram to simple clicks 
on the screen, and with the built-in touch screen on the PDA the events can be 
recorded even faster.  However, the PDA device is limited by the screen size, 
memory size, etc.  The most important is that PDA device is not a platform 
having long term viability as a PC.  With the FIT system data are collected using 
a PDA, but need to be transferred to a PC and further processed to produce 
results.  Initially, the CLA project was designed to develop the system onto a 
PDA device.  To avoid hardware limitations and still be able to implement fast 
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data registration on a touch screen, a tablet laptop computer with a built-in 
touch screen was used for the development of CLA.  
 
• LAPDA system, considered as the version 0.01 of the CLA system, is 
able to increase efficiency and performance of the LA method, however it does 
not produce traditional LA outputs (link diagram and link table). 
 
8.3.2.2 Other benefits compared to previously mentioned computer-aided 
methods (section 2.4) 
 
• Keeping conventional LA results.  The previous methods (for CALA, 
Link Analyzer and LAPDA, as FIT system is not a LA software tool) concentrate 
on improving the methods of LA by either simplifying the processes or adding 
new data, however, conventional LA results are less well presented. The link 
diagram and link table are not available in CALA, Link Analyzer and LAPDA.  
Although they have limited usefulness, they still provide important data for 
researchers.  The CLA system is faithful to the original methodology of LA, and 
covers all the functions and results of traditional LA method.   
 
• Comment function for details of interactions.  This function is not 
available in any previous method.  CLA system is currently designed to be used 
in healthcare domain, so that this function allows users to attach clinical 
activities and further notes to the interactions for explanations, but this list of 
activities could be modified for any application setting.  
 
• Quick deleting last record during data recording.  Human errors may 
happen during data recording, and this function is used to delete/correct the last 
registered recording in DR.   
• Different-importance-level.  In the CLA system, interactions can be 
classified into three importance levels, and this function does not exist in any 
previous method.  
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8.3.3 Potential benefits 
 
There are few benefits which have not been tested yet:  
 
• Multi-operator data recording function.  The interactions of as many 
as three operators can be recorded using the CLA system.  Four sets of CLA 
results are saved in four folders separately with one folder for results of 
Operator 1, one folder for results of Operator 2, one folder for results of 
Operator 3 and one folder for results of all the operators.  Each folder has a set 
of CLA results including link diagram, processed link diagram, link tables and 
time-event list.  Results are allocated in different folders so that users are able 
to either study the individuals or the whole team.   
 
• Overlapping element layout creating and data recording.  This 
function enables users to use 2D layout for 3D representation.  
 
8.4 Contributions to knowledge 
 
8.4.1 CLA system: a cross-boundary project, Ergonomics and Computer 
Sciences 
 
Computer techniques, both software and hardware, are increasingly employed 
in Ergonomics to help researchers with various aspects such as data collection, 
data analysis, coding, etc, in many design areas, e.g. workplace design (Feyen 
et al., 2000), posture analysis (Keyserling, 1986) and layout design (Glass et al., 
1991).  These computer systems vary in capability, size and functionality, 
however they all combine computer techniques with the relevant ergonomics 
methods and aim to increase the efficiency/effectiveness, and enhance the 
performance etc.  The CLA system which is also a combination of knowledge 
from Computer Sciences and Ergonomics.  It shows the feasibility of using 
computer techniques of improve the ergonomics methods.   
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And also the computer techniques can be improved by the Ergonomics 
methods: to design the software and hardware for people.  In the CLA system, 
users were recruited in the tests to collect their opinions about the system, 
including interface design, function design, result design, etc, for better 
development of the CLA system. 
 
Moreover this research into the LA, not only crosses the boundaries of 
Computer Sciences and Ergonomics, but also integrates three different 
ergonomics methods (LA, component of HTA and Time-Motion Analysis) into 
one tool with enriched data for analysis.  This approach may encourage 
researchers to integrate methods and tools to produce a more complete 
analysing of a work situation.  
 
8.4.2 Using the CLA system in other fields  
 
As the system was used in the complex hospital environment and has been 
proven to be capable of dealing with intensively busy ED environment by the 
system users, it is proposed that it should be possible to use the system in other 
fields, such as industrial, military or sports.  For example the performance of a 
football player in a match can be monitored using the CLA system, such as the 
areas he has covered, time he has spent in each area and so on.  In order to be 
used in other fields, the system will need to be modified for the target 
environments by repopulating the list in the comment function window. 
 
8.4.3 How the CLA system can be used to improve the performance of 
task analysis 
 
Compared to four computer-aided LA methods (section 8.2.2) and two recent 
developed LA methods (section 8.3.3), the CLA system offers three different 
task analysis methods, and produces enriched data and results.   
 
8.4.3.1 CLA to study and improve layout  
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The study of the layout of an ambulance compartment by Ferreira and Hignett 
(2005) was presented in section 2.3.3.1, in which the efficiency and safety of 
paramedics was reviewed using traditional LA.  Only link tables and link 
diagrams were produced and analysed.  The percentage of links on each 
element was calculated, concluding that Seat B in Figure 2.3 was the most 
frequently used component: paramedics preferred to sit on Seat B, which 
resulted in an increased reach distance.  The CLA system would allow further 
investigations, e.g. time wasted due to this increased reach distance (how much 
time could be saved if the layout was improved).  Moreover, apart from 
identifying the outliers, more research areas could be covered using the CLA 
results.  For example, with the time stamps spent on each activity, the efficiency 
and performance of paramedics in this ambulance compartment layout can be 
compared to other ambulance compartment layouts.  
 
8.4.3.2 CLA to study abstract relationships 
 
The CLA system might be able to help researchers with deeper investigation 
and better conclusions in criminal investigations and disease outbreak study 
and control (section 2.3.3.2), as apart from the link information it is able to 
record detailed time information, for example when the relationships of criminals 
are formed or when people are infected, and also the details of how the 
criminals get to know each other or how people are infected (e.g. talking to 
other people).  These enriched data, together with the link map, might help the 
investigators better understand the network, to effectively control organised 
criminal activities and disease outbreaks. 
 
8.4.3.3 CLA as a data recording tool 
 
McDonald and Dzwonczyk (1988) reviewed the time spent on direct patient care 
during anesthetisation using time-motion study and link analysis.  The time and 
duration of events were recorded on an event recorder, and then transferred to 
a computer and analysed using the activity analysis method and the traditional 
LA method.  In their study, the data recording methods and analysis methods 
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were all carried out separately which consumed more time and effort compared 
to the CLA system, where the system is able to collect and process both time-
motion and LA data simultaneously, and then provides the time-motion data in 
the time-event lists, to show the time spent on different activities.   
 
8.4.4 Comparison of the CLA system with other current variations of LA 
methods 
 
Other researchers have also been improving the method of LA, and two 
examples are presented. 
 
8.4.4.1 LA variation A: U-I and W-I movements and modified link table 
 
Two potential limitations of the traditional LA method were identified by Lin and 
Wu (2010):  
 
• The traditional LA method does not consider the physical distance 
between a user and a user interface.  ‘As long as there is certain physical 
distance between a user and a user interface, operating an interface consists of 
two types of movements - movements between the user and the interface (U-I 
movements) and within interface movements (W-I movements)’ (Lin and Wu, 
2010).  These two movements are shown in Figure 8.2.  ‘The U-I movement 
represents the back-and-forth motion of the operator's hand between the origin 
(the hand position in resting posture) and the target element, while the W-I 
movement represents the motion from one element to another.’  They pointed 
that traditional LA only studies ‘information of W-I movements by tabulating all 
links between elements on the target interface so that the designer can 
minimise the distance between linked elements’ (Lin and Wu, 2010).  However, 
distance between a user and a user interface is ignored.  Therefore they 
suggested that as long as there is certain physical distance between a user and 
a user interface, the U-I movements should be considered. 
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• Link tables generated in traditional LA method contains no directional 
information. 
 
 
Figure 8.2  Movements between the user and the interface (U-I movements) 
and within interface movements (W-I movements).  (Lin and Wu, 2010) 
 
To address these limitations, Lin and Wu proposed an improved LA method: an 
extra element, the hand origin, is included in the layout (Figure 8.3) and the 
modified link table so that the U-I movements can be represented in cells 
associated with the hand origin.  And ‘rows and columns were used separately 
to indicate the initiation and the end of the movements and, in turn, the direction 
of movements could be determined by their positions in the modified link table’ 
(Lin and Wu, 2010).  An example of the modified link table is shown in Figure 
8.4, with the ‘O’ representing for the hand origin. 
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Figure 8.3  The layout with the origin of the hand 
 
Figure 8.4  Modified link table 
 
These two issues were addressed in the CLA system as well:  
 
• The U-I movements between the user and user interface could be done 
in the manual LA method, but they can also be recorded using the system by 
adding a new element in the layout, the hand origin.  In the Usability Test 
(Chapter 6): the element ‘Assembling and holding elements’ in the layout by TG 
(Figures 6.11 and 6.12) acted as the hand origin, and both back-and-forth and 
element-to-element motions were recorded. 
 
• In terms of the directional information in the link table, as mentioned in 
the system demonstration (section 3.3.2), the system provides two types of link 
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tables, with and without directions, that researchers can choose for data 
analysis. 
 
8.4.4.2 LA variation B: A hybrid framework for interface architecture design 
 
Rashid et al. (2010) found out that the task analysis methods ‘mostly discuss a 
particular type of domain specific problem.  HTA discusses only functional 
decomposition of the main task into sub-tasks.  CTA only models cognitive 
activity which leads quality attributes in interface design.  LA models possible 
linkage among interface constructs.  TA (Timeline Analysis) organizes interface 
artifacts with respect to time.  Task Analysis techniques cannot discuss an 
architectural approach for interface design’.  They proposed a hybrid framework 
for interface architecture design, based on HTA, CTA, TA and LA (Figure 8.5).  
This framework provides a visual representation of outcomes of CTA and HTA, 
and provides an architectural approach to map these outcomes using LA and 
TA.   
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Figure 8.5  A hybrid framework for interface architecture design.   
(Rashid et al., 2010) 
 
An example of the outcome is shown in Figure 8.6.  The outcome of this 
framework is mapped on the time axis (TA).  The task is broken down into sub 
tasks using HTA and CTA, and sub tasks are connected by the label action 
(linkages in LA).  ‘Due to interface architecture design developers will be able to 
visualize CTA and HTA outcomes, system behavior before its interface design, 
system state to state information, possible actions and their results. Developers 
will be able to perceive system states, actions, subtasks, and resources in the 
form of graphical notations’ (Rashid et al., 2010). 
 
The CLA system produces the time-event list which contains the same 
information as the diagram outcome in the study by Rashid et al.: (1) the task is 
broken down into links/interactions with additional notes (LA, HTA and CTA); (2) 
links/interactions are listed in chronological order (time axis). 
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Figure 8.6  Interface Architecture Presenter (Rashid et al., 2010) 
 
8.4.5 Software testing using other methods/strategies  
 
Three iterative system tests were chosen and applied in this project to test the 
CLA system (Chapter 5, 6 and 7), there are also many other software testing 
methods/strategies which were not applied.  Some examples of these software 
testing methods/strategies will be presented and compared with the methods 
used. 
 
8.4.5.1 Code reading, functional testing and structural testing methods 
 
Basili and Selby (1987) present three methods for fault detection: (1) code 
reading, (2) functional testing, and (3) structural testing.   
 
Code reading is used to inspect the source code.  ‘For many years, the majority 
of the programming community worked under the assumptions that programs 
are written solely for machine execution and are not intended to be read by 
people, and that the only way to test a program is by executing it on a machine. 
This attitude began to change n the early 1970s, largely as a result of 
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Weinberg’s ‘The Psychology of Computer Programming’ (Weinberg, 1971).  
Weinberg built a convincing argument for why programs should be read by 
people, and also indicated that this could be an effective error detection 
process’ (Myers, 1979).  In the code reading approach, the code reader 
decomposes the programme, determines their functions, composes these 
functions to determine a function for the entire programme, and then compares 
it with the specifications (Linger et al., 1979; Mills, 1972).   
 
The functional testing (validation techniques, section 4.2.3) is a "black box" 
approach using methods mentioned in section 4.2.4.  The programme is 
executed and its performance is compared with the specification.  In the 
structural testing, the structural coverage criteria used is 100 percent statement 
coverage.  ‘For example, if a certain function key should produce a specific 
result when pressed, a functional test would be to validate this expectation by 
pressing the function key and observing the result’ (Perry, 2000) 
 
The structural testing (verification techniques, section 4.2.3) is a "white box" 
approach, the testers also read and inspect the source code and then execute 
the code cases based on the percentage of the statements (Stucki, 1977).   
All three testing methods used to test the CLA system in this project were 
functional testing.  This method was proven by Basili and Selby (1987) to be 
able to detect more software faults than the structural testing method.  Although, 
the code reading method can detect more faults than the functional testing 
method, functional testing detected more control faults than other methods.  For 
the CLA system development only the functional testing method was used in 
testing the system. 
 
8.4.5.2 Unit testing (module testing) 
 
Unit testing is a popular testing method (section 4.2.5).  It is ‘a process of 
testing the individual subprograms, subroutines, or procedures in a program.  
That is, rather than initially testing the program as a whole, testing is first 
focused on the smaller building blocks of the program’ (Myers, 1979).  It can be 
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carried out either by the developer or by a separate test organization 
(Christensen, 2002).  The reason why this method is often used is summarised 
by Myers (1979): ‘first, module testing is a way of managing the combinatorics 
of testing, since attention is focused initially on smaller units of the program.  
Second, module testing eases the task of debugging (the process of pinpointing 
and correcting a discovered error), since, when an error is found, it is known to 
exist in a particular module.  Finally, module testing introduces parallelism into 
the testing process by presenting us with the opportunity to test multiple 
modules simultaneously’. 
 
The unit testing method was used during the code writing to make sure each 
subprogram, subroutine, or procedure in the system meets their specification, 
and bugs were identified in the unit testing such as the bug shown in Figure 
3.41 and the name bug discussed in section 3.5.2.2. 
 
8.5 Other issues  
 
Some other issues have also been identified in the development and test stages 
of the CLA system, including the concept of a link and time and effort saved by 
the CLA system; 
 
8.5.1 The concept of a link 
 
It was found in the Technical Validation Test stage 2 that the definitions of a link 
between the previous study (Thorne, 2008) and CLA method were different 
(section 5.3.1.2).  As presented in the Chapter 2, the classical definition of a link 
is that a link can be between human and human, human and environment, and 
environment and environment (Nemeth, 2003; Ferreira and Hignett, 2005; 
Attwood et al., 2004).  The links defined by Thorne only comprise of the 
interactions between human and environment (each interaction starting and 
ending at the location an operator).  The definition used in the Technical 
Validation Test stage 2, the CLA method, comprises of human-human, human-
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environment, and environment-environment interactions, which is able to give a 
better description of the task and environment.  However, in order to obtain a 
better comparison between previous study by Thorne and the CLA method.  
The definition used in the precious study was adopted in stage 3 of the 
Technical Validation Test. 
 
A link is defined by the researchers according to their interests, and the CLA 
system has also been proven that it is able to deal with different definitions of a 
link to best suit researchers’ interests. 
 
In terms of link importance, three different importance levels were provided, and 
it is decided by users.  In the tests, it was found that users used same 
importance level to describe all links.  This is user preference of operating the 
system, and it may also needs professional knowledge to determine the 
importance level, therefore this issue is not considered in the development of 
the system. 
 
8.5.2 Time saved by the CLA system compared to the traditional LA 
 
Feedback from the users in Usability Test and Beta-testing shows that the CLA 
system was able to save time compared to the traditional LA.  The virtue of the 
CLA system is the increased speed of processing the results, as the data are 
calculated by the computer and the CLA results can be generated instantly.  
The analysis time therefore becomes zero, inherently improving the speed of 
the analysis. 
 
In terms of the increased speed of data recording, the CLA methods allows 
users to record real-time data, which the traditional LA is not able to support, 
live recording cannot be conducted more rapidly than the live events.  Therefore 
the CLA system is able to improve the speed of data recording. 
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However, there is data showing the exact time and effort that could be saved by 
using the CLA system.  Therefore following on researches could be done to 
measure these. 
 
8.6 Limitations  
 
8.6.1 Limitations of the CLA system 
 
‘Software engineering is knowledge intensive’ and ‘software knowledge refers to 
a permanent structure of information stored in memory’ (Robillard, 1999).  
There are many popular programming languages and platforms include C, C++, 
C#, JAVA, HTML, MATLAB etc, and engineers use different programming 
languages and platforms to write the programmes. 
 
As noted by Robillard (1999), ‘software development requires topic and episodic 
knowledge’: ‘topic knowledge refers to the meaning of words, such as 
definitions in dictionaries and textbooks and episodic knowledge consists of 
one's experience with knowledge’.  Topic knowledge can be learnt from books, 
tutorials and lectures, while the episodic knowledge is the experience of 
programming and normally is gained gradually from experiences in software 
programming.  
 
Novice programmers have only a limited store of both topic and episodic 
knowledge, and ‘at the coding level, lack of episodic knowledge in the 
programming language sometimes results in an unduly complex program’ 
(Robillard, 1999).  Therefore, although the CLA system has been developed 
and tested, it may be not efficient due to a lack of topic and episodic knowledge. 
 
As, ‘software development is knowledge work, its most important resource is 
expertise.  Expertise in programming, for example, is known to produce an 
order of magnitude improvement in program efficiency’ and ‘to produce high-
quality work’ (Faraj and Sproull, 2000).  When working with senior developers, 
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novice developers can gain both topic and episodic knowledge much faster than 
working alone, as they can learn directly from the senior developers (e.g. how to 
make the programme more efficient) and professional advice can save them 
time (e.g. offering them possible solutions when they get stuck in system 
developments).  In the development of the CLA system, feedback of 
improvements and suggestions were mainly from the potential users. 
 
The lack of topic and episodic knowledge issue and expertise in programming 
were considered in the system development and test stages: 
 
• In the development stages, the CLA system was upgraded from v1.01 to 
v1.12, with the development of the system, the topic and episodic knowledge 
were gained gradually.  This increased familiarity of programming results in the 
efficiency increasing of the CLA system.  That is CLA v1.12 is more efficient 
than the early versions. 
 
• In the Usability testing, people from Computer Sciences were recruited in 
order to improve the system based on the ideas from professionals.  
 
8.6.2 Limitations of system tests 
 
Three iterative tests, Technical Validation Test, Usability Test and beta-testing 
were chosen to be used in the CLA project to test different capabilities and 
different aspects (e.g. interface or result levels) of the system.  However, apart 
from these three test methods, there are many other software testing methods 
which could reduce the probability of deficiency, increase system usability, and 
enhance the performance (sections 4.2.4, 4.2.5 and 8.3.6).  Among these 
software testing methods, there maybe some methods that would be able to 
identify more system bugs/faults and improvements/suggestions for CLA.  
However these testing methods could not be applied due to the limited time and 
resources in this project, so further tests may be needed: 
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• Although the system has been tested in technical, usability and in the 
field, some faults and bugs may not have been identified and removed;   
 
• As mentioned in section 8.4.1, the programme may not be efficient due 
to lack of topic and episodic knowledge; 
 
• As mentioned in section 7.5.2, there are still some functions in the 
system that have not been tested yet, e.g. multi-operator data recording and 
overlapping element layout creating and data recording; 
 
• As computer techniques, both the hardware and software, further 
develop, the CLA system may not satisfy users due to some unseen limitations 
of software (e.g. users require more functions) and hardware (e.g. in the 
interview of the system users in beta-test, one user mentioned that using light-
weight Apple iPad instead of the tablet laptop might be better). 
 
8.6.3 Difference between academic software development and tests and 
commercial software development and tests 
 
The CLA system was developed in the academic environment and used by 
academic researchers.  The academic software is defined as ‘either software for 
use in higher education and research, that is, educational software, but also 
tools for teaching, learning, and research, or as software developed in higher 
education and research’ (Baumgartner and Payr, 1997).  ‘Even the most 
complex academic software engineering exercise falls short in capturing the 
project dynamics of building a real world software application’ (Reichlmay, 
2006).  The academic software can not be expected to offer the same level of 
performance and quality as commercial software: 
 
Software development.  In comparison to commercial computer software 
which is normally developed by a group of people in either software companies 
or programming teams (‘seventy percent of software is custom built by teams 
either internally or by outside contractors’ (OECD (Organisation for Economic 
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Co-operation and Development), 1998)), academic software is often developed 
by small sized groups or individuals (only one developer in this research project) 
due to the limited resources (e.g. budget).  This individual software work, such 
as the CLA system, can be limited due to lack of professional support.  It may 
also be developed by students who are not professional developers, and lack 
both topic and episodic knowledge.  As mentioned before, this may affect the 
quality of the software. 
 
System testing, maintenance and enhancement.  Commercial companies 
spend a lot of time and money on system testing, maintenance and 
enhancement.  ‘Commercial software producers are more concerned about 
quality than almost any other topic’, and ‘more than half of all US programming 
and software engineering jobs involve some kind of maintenance of legacy 
systems’ (Jones, 2002).  Although CLA has been tested in three tests focusing 
different aspects, it may not be enough. 
 
Academic software and commercial software are strongly connected, as many 
commercial software applications are developed based on academic 
researches.  As documented by Mansfield (1991), ‘about one-tenth of the new 
products and processes commercialized during 1975-85 in the information 
processing, electrical equipment, chemicals, instruments, drugs, metals, and oil 
industries could not have been developed (without substantial delay) without 
recent academic research’. 
 
8.7 Further work 
 
Having passed three tests, the CLA system was proven to reach acceptable 
satisfaction as an effective and efficient task analysis tool incorporating LA, 
components of HTA and time-motion methods.  However, there are still some 
possible system improvements or research directions that would be able further 
enhance the system. 
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8.7.1 Using 3D layout to represent the realistic environment  
 
Currently, a software, Three Dimensional Link Analysis (3DLA) system 
(Andrews, 2010), shows it is possible that LA data can be collected in a 3D 
layout.  The 3DLA allows the third dimension to be added, using the 3D Picture 
control in LabVIEW version 8.6.  The interface of the 3DLA is shown in Figure 
8.7, which is 2D interaction window.  There are two separate images: the first is 
a plan image of the layout and the second is the elevation image, illustrating the 
various levels of the system (the third dimension).  The 3D representation is 
achieved by a level changer (a slider on the right hand side of the interaction), 
with level one being ground level and level 10 being the top level and with black 
colour being the current layer and grey representing points on other layers 
(Andrews, 2010).   
 
To create the layout, the points (small circles) are placed in grids on the image 
using the slider to vary the heights, and a limit of 26 points is applied to each 
layer to keep the graphic requirements for the 3D representation low (Andrews, 
2010). 
 
To collect the LA data, points on the image are selected which draws lines 
between points. 
 
Figure 8.7  2D Interaction Window  
(Andrews, 2010) 
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The 3D interaction window contains the result of the system: Link Analysis 
diagram in a 3D representation (Figure 8.8), which is made up of meshes and 
3D spheres.  Several functions for manipulating the 3D Interaction window are 
provided with function switches placed on the right hand side of the interaction 
window.  ‘With ‘Free Camera’ active click-and-drag movements on the main 
window moves and rotates the diagram to give better views to other part of the 
diagram. ‘Zoom’ and ‘Pan’ give zoom and pan abilities.  If the camera position 
needs to be reset for any reason, pressing the ‘Reset Camera’ button changes 
the current camera position to the default one.  ‘Undo’ and ‘Redo’ behave in the 
same way to the 2D Interaction Window. ‘Save’ creates a flattened screenshot 
of the image’ (Andrews, 2010). 
 
 
 
Figure 8.8  3D Representation Window 
(Andrews, 2010) 
 
Currently, the CLA system uses a 2D layout representation.  The overlapping 
element layout creating and data recording function was included to take 
account of the complex situations of elements on top of each other.  Although 
the 2D layout representation, together with the overlapping element layout 
creating and data recording function, was proven to be effective in describing 
the layouts in different systems in iterative tests, the feasibility research by 
Andrews gives a possible research direction to further develop the CLA system: 
3D layout and 3D link diagram.  
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8.7.2 Automated data recording  
 
An example of automated data recording is given by a RFID (Radio-Frequency 
Identification) system (Mansfield et al., 2010; Andrews et al., 2010).  It was 
designed to be an automated system capable of logging the interactions that 
take place within an ambulance between the ambulance crew, medical 
equipment and a patient (Mansfield et al., 2010; Andrews et al., 2010).  This 
method (Figure 8.9) utilises a computer, as a server with RFID programme 
running on it, RFID tags and subject-mounted receivers (tag readers).  The tags, 
each having a unique ID number, are placed on objects in the environment 
(tables or chairs) and readers are worn by an operator/operators.  The server 
sends request to the tag reader to read the tag’s ID at regular intervals (e.g. 
every 0.1 second).  When a receiver (the operator) come into the range of a tag 
(objects in the environment), the tag’s ID number will be sent to the server 
together with time stamp and saved in the database via Bluetooth.  Therefore, 
the interactions between the operator and the environment can be recorded 
automatically.   
 
RFID Tag
RFID Reader
Server
 
Figure 8.9  Example of RFID system hardware (Mansfield et al., 2010) 
 
This project shows the feasibility of automated data recording and the reduction 
of the need for the investigator to be physically present in the workspace which 
benefits in terms of privacy and space restrictions will be possible.  This would 
be a possible research direction for the CLA system.  
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8.7.3 Grouping the elements to form an area 
 
For a complex system, there may be hundreds of elements in a layout.  This 
would raise difficulties for data analysis, for example, there are too many links in 
the (processed) link diagram or the link table is too large to acquire data.   
 
In the beta-testing, the system user who shadowed the doctors provided a 
possible direction for further system developments (David, 2010): elements 
were grouped into macro areas according to the geographical adjacency (e.g. 
computers and cupboards at nurse station in Majors were combined into one 
macro area, ‘Major Injuries Area Nurses Station’).  The new link table showing 
the link frequencies between macro areas is much smaller in size than the 
original link table.  3DLA also provides an example of this grouping function: 
‘combining points can be performed to work out potential optimization layouts 
within the ambulance environment.  Locations can be moved around and entire 
layers of points can be switched.  Points can also be un-combined to return to 
the original layout’ (Andrews, 2010). 
 
Based on this, data or result manipulation would be an option for the 
development of the CLA system.  E.g. the elements grouping function, user 
would be able to group the elements into one new element and the CLA results 
would be re-generated according to this new element. 
 
8.7.4 Modifying the template when data recording 
 
Currently, it is impossible to modify the template, such as adding, removing or 
moving elements, in the DR.  If an element is missed in the layout generation, it 
cannot be added in data recording, and users need to go back to the template 
generation for this change.   
 
Further research can be carried out to implement the template modifying 
function into DR, or even integrated TG and DR into one programme instead of 
two separate applications.   
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8.7.5 Link weight 
 
As mentioned in section 2.3.1, the link values in a link table can be weighted 
according to, for example, importance and distance.  Although three different 
levels are used in the CLA system to distinguish link importance, these are not 
quantified.  The lack of realistic distance information among the elements in the 
layout limits the detailed design or improvement for the layout.  Therefore link 
weights should be considered in the further research.   
 
 
8.7.6 Using icons to represent elements in TG 
 
Elements were designed to be represented by three different shapes in the 
early system design (section 3.2.3.1), and only rectangular boxes are actually 
used in TG to represent elements to save the resources of the computer (one 
memory instead of three).  However, using only one shape for all elements may 
confuse the users in data recording.  Although an image such as the floor plan 
is used as the background of the layout, users may not be able to distinguish 
one element from another easily and rapidly.   
 
Further research can be carried out to find a possible solution such as using 
icons instead of rectangular boxes to help users recognize them more easily 
and rapidly and reduce the time spent on looking for the correct element during 
the data recording. 
 
8.7.7 Link Analysis with eye tracking and cognitive processes  
 
As tracking eye movements become possible using an eye tracker (Attwood et 
al., 2004), automatic eye movement analysis will be an interesting research 
area.  It could combine the automatic eye tracking with the automatic physical 
movement recording, so that researchers are able to study the cognitive 
processes of movements based on the objects the operator is looking at. 
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8.8 Conclusion  
 
In this chapter, several issues have been discussed including the benefits of the 
CLA system compared to the traditional manual LA method and previously 
mentioned computer-aided LA methods, and the contributions to knowledge.  
The limitations of both the CLA system, three iterative tests and the software 
development within an academic environment compared to commercial 
software were discussed.  Further directions or possible opportunities of system 
developments were presented. 
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CHAPTER 9 
 
 
Conclusion 
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LA, as a popular ergonomics method, studying the interactions for better 
understanding of the environment, has limitations, such as the amount of time 
and effort requested for data recording and analysis processes and limited data 
in the conventional LA results.  With the rapid development of computer 
techniques, researchers start to utilise these techniques to improve the 
traditional ‘pen and paper’ method of LA.  However, these methods may also 
have limitations to completely address all the issues in the traditional LA method.  
The literature of the traditional LA method and other computer-aided LA 
methods were reviewed to identify limitations (Chapter 2).  All these limitations 
were studied, and the specification of a new computerised LA system, the CLA 
system, was developed in Chapter 3.  These specifications identified a number 
of target functions, including simplicity and speed in data recording, instant 
result generating and enriched data in the results (e.g. time stamps and link 
directions). 
 
The CLA system was developed from CLA v1.01 to 1.05 in the early system 
developments.  The TG was to develop user-specified 2-D layouts providing a 
spatial map (or template). The elements were represented by rectangular boxes.  
Flexibility was added to address the limitation in traditional LA to allow changes 
in the design of the layout with editing tools including drawing, moving, resizing 
and naming elements.  The DR reads the layout from the TG, and then records 
interactions and generates the results in real-time.  The results were developed 
to be generated as a processed link diagram (as a jpeg format), link table and 
time-event list (text format with start time and chronological order only). 
 
After the early system developments it was evaluated in three iterative tests in 
the laboratory (Technical Validation Test and Usability Test) and real-field 
environment (Beta Test).  These three iterative tests were designed to test the 
functions of the system to make sure it performs reliably under both laboratory 
and real world conditions.  System developments and improvements were 
made in the tests to enhance functionality. 
 
The Technical Validation test aimed to ensure that the software and hardware 
for the CLA system worked technically and that the outputs achieved an 
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acceptable level of accuracy (reliability testing). The results from two previous 
studies (using traditional LA) were re-analysed using CLA and the CLA results 
were compared with the results from previous studied (manual results) to 
evaluate the accuracy of the CLA results and reliability of the system.  The 
conclusion from the Technical Validation Test was that the CLA system, both 
TG and DR applications, operated reliably and accurately and were capable of 
recording and analysing video data.  Some improvements of CLA system were 
made (CLA V1.05-V1.08) including user-specific layout size, overlapping 
elements data recording (to describe elements on top of each other in the 2-D 
layout).  The results were further developed. The processed link diagram 
included the link frequency and direction, and the link tables and time-event lists 
were changed to an Excel format.   
 
The Usability Test aimed to test the software and hardware interface design by 
observing the performance of 12 system operators with various backgrounds 
(e.g. Ergonomics, Computer Studies) as they used CLA.  The data collected 
included data bugs/failures of system and confusing steps/errors of the CLA 
system.  Improvements were made (CLA V1.08-V1.11) based on the bugs 
identified and suggestions collected, such as using realistic photos as 
background.  It is concluded in this test that the system performed reliably, and 
it was usable by different background system users.  Moreover it was capable 
of dealing with the video data in real time. 
 
The beta-testing of the CLA system aimed to review real-time data recording 
and analysis abilities and identify further improvements.  This test was 
conducted in the ED of LRI.  The CLA system was used by 3 system users to 
shadow the physical movements of ED clinical staff: doctors, nurses and 
healthcare assistants (HCAs)/housekeepers.  Fault and bug experiences, as 
well as ideas of improvements and comments on the system were supplied 
constantly during the data collection sessions, and corresponding system 
developments were conducted to enhance the quality of the data collected.  
After the data collection system users were interviewed to find out whether the 
CLA met their expectations and to identify further improvements.  Further bugs 
were identified and corrected and system developments were made based on 
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the feedback from system users to improve system functionality, such as the 
comment window for the details of the activities (CLA V1.11-V1.12).  The 
conclusion from the beta-testing was that the system performed reliably, and 
was able to deal with real-time data in the complex ED environment.    
 
The CLA system was developed and upgraded to the latest version of 1.12.  
The CLA system v1.12 is an integrated task analysis tool incorporating 
traditional LA functions, components of HTA and time-motion functions.  The 
CLA results provide a researcher with enriched data, such as details of activities, 
start/end time, chronological order, duration and link directions.  In addition, 
further functions were implemented, such as comment function for details of 
interactions function and multi-operator data recording function (however this is 
not tested yet).   
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Appendix B 
 
 
Results from Technical Validation Test 
Comparison results of link diagrams  
between CLA and manual methods 
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(a) 
 
(b) 
Figure Appendix B.1 Link diagram of crew 2, paramedic 1 in bulkhead layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.2 Link diagram of crew 2, paramedic 2 in bulkhead door layout 
(a) previous result (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.3 Link diagram of crew 3, paramedic 1 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.4 Link diagram of crew 3, paramedic 2 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
 301
(a) 
 
(b) 
Figure Appendix B.5 Link diagram of crew 3, paramedic 3 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.6 Link diagram of crew 4, paramedic 1 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.7 Link diagram of crew 4, paramedic 2 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.8 Link diagram of crew 5, paramedic 1 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
 305
(a) 
 
(b) 
Figure Appendix B.9 Link diagram of crew 5, paramedic 2 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.10 Link diagram of crew 6, paramedic 1 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.11 Link diagram of crew 6, paramedic 2 in bulkhead door layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
 308
(a) 
 
(b) 
Figure Appendix B.12 Link diagram of crew 1, paramedic 1 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.13 Link diagram of crew 1, paramedic 2 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.14 Link diagram of crew 2, paramedic 1 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.15 Link diagram of crew 2, paramedic 2 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.16 Link diagram of crew 3, paramedic 1 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.17 Link diagram of crew 3, paramedic 2 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.18 Link diagram of crew 3, paramedic 3 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
 315
(a) 
 
(b) 
Figure Appendix B.19 Link diagram of crew 4, paramedic 1 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
 316
(a) 
 
(b) 
Figure Appendix B.20 Link diagram of crew 4, paramedic 2 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
 317
(a) 
 
(b) 
Figure Appendix B.21 Link diagram of crew 5, paramedic 1 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.22 Link diagram of crew 5, paramedic 2 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
 319
(a) 
 
(b) 
Figure Appendix B.23 Link diagram of crew 6, paramedic 1 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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(a) 
 
(b) 
Figure Appendix B.24 Link diagram of crew 6, paramedic 2 in bulkhead window layout 
(a) manual result (Thorne, 2008) (b) CLA system result 
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Appendix C1: System Users Information Sheet  
 
 
 
MR Yu Zhao
Tel: +44 (0)1509 228817
Email: Y.Zhao3@lboro.ac.uk
Healthcare Ergonomics & Patient Safety Unit
Dept. of Human Sciences
Loughborough University
Loughborough, Leics.  LE11 3TU. UK
 
System Users Information Sheet 
 
Title: USABILITY TEST OF COMPUTERISED LINK ANALYSIS 
 
Investigators:  Yu Zhao, Sue Hignett, Neil Mansfield 
Site: Loughborough University  
 
Part l 
 
We would like to invite you to take part in a research study.  Before you decide, you 
need to understand why the research is being done and what it will involve for you.  
Please take time to read the following information carefully.  Talk to others about the 
study if you wish.  Ask if there is anything not clear or if you would like more information. 
 
What is the purpose of the study? 
We are developing software to help with the analysis of workplace layout and efficiency.  
It is called Computerised Link Analysis (CLA).  It is a computerised version of a pen 
and paper method (Link Analysis) that has been used for many years to help with the 
ergonomic analysis of working activities (tasks). The software has been developed at 
Loughborough University and is ready for usability test to collect ideas/suggestions on 
system improvements.   
CLA system was always been operated or accessed by people who are familiar with it 
since developing and testing, and bugs/failures of system are not easy to be identified, 
if people know very well about the system.  As CLA system is designed for public use, 
it needs to reach a commercial software level.  Therefore, it is necessary to test it 
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among system users with various backgrounds, in order to enable even novices to get 
along with the system easily with the basic manual book.  Thus, ‘Usability Test’, has 
been scheduled aiming to test system with different users and gather feedbacks or 
advices of improvements from different points of view, and let CLA system reach the 
level of commercial product. 
Why have I been invited? 
As a Systems User, you will be trained to have basic knowledge of the method of Link 
Analysis and CLA. You will be able to provide us with feedback about the reliability of 
the software, identify ‘bugs’ and review the user interface. 
 
Do I have to take part? 
No, it is up to you to decide.  We will describe the study and go through this information 
sheet with you which we will give to you.  We will then ask you to sign a consent form 
to show you have agreed to take part.  You are free to withdraw at any time without 
giving a reason.  This will not affect your professional or employment status. 
 
What will happen to me if I take part? 
You will be asked to complete a questionnaire. The questions will try to find out: 
• Whether you experienced any difficulties when using CLA 
• If you made any errors more than once 
• Your views about the user interfaces, and any design ideas that you may have. 
 
What are the possible advantages/disadvantages and risks of taking part? 
The advantage of taking part will include the development of CLA to a commercial level 
that may help you in your future professional career.  There are no foreseeable 
disadvantages of taking part. 
 
 
What if there is a problem? 
We will follow the incident reporting procedure at Loughborough University.  If you are 
harmed by taking part in this research project, there are no special compensation 
arrangements.  If you are harmed due to someone’s negligence, then you may have 
grounds for a legal action but you may have to pay for it.  Regardless of this, if you 
wish to complain about any aspect of the way you have been approached or treated 
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during the course of this project the normal University mechanisms may be available to 
you.   
 
Will my taking part in the study be kept confidential? 
Yes, we will follow ethical and legal practice and all information about you will be 
handled in confidence.  Details are included in part ll.   
 
If the information in Part l has interested you and you are considering 
participation, please read the additional information in Part ll before making any 
decision. 
 
Part ll 
What will happen if I do not want to carry on with the study? 
If you wish to withdraw from this study at any time you are free to do so without any 
impact on your professional status or employment.  If you withdraw from the study your 
data will be withdrawn from the study and deleted. 
 
What if there is a problem? 
If you have a concern about any aspect of this study you should ask to speak to 
researchers who will do their best to answer your questions.   
 
Will my taking part in this study be kept confidential? 
If you take part in the research all information collected from you and your organisation 
during the course of the research will be kept strictly confidential.  All references to 
participants in the report and any subsequent publications/presentations will be 
anonymous.  The information will be kept in a secure location, accessible only to the 
researchers.  All of the data (audio-tape, documents etc.) will remain the property of 
Loughborough University and will be destroyed 12 months after the study ends. 
 
Who is funding the research? 
The project is funded by the Engineering and Physical Science Research Council 
(EPSRC). 
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For further information regarding this study, please feel free to approach Yu Zhao 
(Y.Zhao3@lboro.ac.uk), Dr Neil Mansfield (N.J.Mansfield@lboro.ac.uk), Dr Sue 
Hignett (S.M.Hignett@lboro.ac.uk). 
Thank you for reading this information sheet. 
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Appendix C2: System Users Consent Form 
 
 
 
Mr Yu Zhao
Tel: +44 (0)1509 228817
Email: Y.Zhao3@lboro.ac.uk
Healthcare Ergonomics & Patient Safety Unit 
(HEPSU)
Dept. of Human Sciences
Loughborough University
Loughborough, Leics.  LE11 3TU. UK
Consent Form 
 
Title: USABILITY TEST OF COMPUTERISED LINK ANALYSIS 
Investigators:  Yu Zhao, Sue Hignett, Neil Mansfield 
Site: HEPSU lab, Loughborough University  
 Please initial 
box 
I confirm that I have read and understood the information 
sheet dated 30th July 2009.  I have had the opportunity to 
consider the information, ask questions and have had these 
answered satisfactorily. 
 
I understand that my participation is voluntary and that I am 
free to withdraw at any time, without giving a reason and 
without my professional or legal rights being affected. 
 
I understand that the questionnaire will be transcribed 
anonymously and that verbatim quotations may be used in 
publications and presentations. 
 
I understand that the questionnaire will be confidential. 
 
 
I understand that the data will not be available to me after the 
study 
 
I agree to take part in the above study  
 326
Signature 
(Participant)……………………………………………………… 
Date…………..…
NAME  
(BLOCK CAPITALS)…………………………………………… 
 
I have explained the study to the above participant and they 
have indicated their willingness to take part 
 
Signature 
(Researcher)……………………………………………… 
Date…………..…
NAME (BLOCK 
CAPITALS)………………………………………… 
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Appendix C3: CLA System User Guide 
 
 
 
Yu Zhao
Tel: +44 (0)1509 228817
Email: Y.Zhao3@lboro.ac.uk
Healthcare Ergonomics & Patient Safety Unit (HEPSU)
Dept. of Human Sciences
Loughborough University
Loughborough, Leics.  LE11 3TU. 
 
Computerised Link Analysis System User Guide 
 
Title: USABILITY TEST OF COMPUTERISED LINK ANALYSIS 
Investigators:  Yu Zhao, Sue Hignett, Neil Mansfield 
Site: HEPSU lab, Loughborough University  
 
The Computerised Link Analysis (CLA) software system is provided for your 
convenience on the desktop of a tablet laptop PC. This system consists of two 
software applications, Template Generator (TG) and Data Recorder (DR).  
Template Generator aims to create layout which will be used in Data Recorder 
and the purpose of Data Recorder is to record link events and generate link 
analysis results in real time. 
 
1. Layout generation using TG 
 
Run the programme TG by double clicking ‘Template Generator’ icon on 
Desktop , when the programme runs you will be 
presented with the TG main screen. 
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 Element Data Indicator
 
 
 
 
 
 
 
 
 
Figure Appendix C3.1  Main screen of TG 
 
At this stage, nothing is shown on the main screen except the ‘Element Data 
Indicator’ on the top-left corner (which will be discussed later).  Pressing ‘File’ 
then ‘New’ in the menu bar brings up a file dialog (Figure 2), enter the size of 
the layout (the size of background or template being studied, e.g. the size of the 
office is 500 (Width) × 500 (Height)), then press ‘OK’ button.  
 
 
Figure Appendix C3.2 Size entry field 
 
Then you will be presented with a white board (500×500 sized) on the main 
screen. 
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 500×500 sized white board 
 
 
 
 
 
 
 
 
 
 
 
 Figure Appendix C3.3  Main screen with 500×500 sized white board
 
To create elements in a system (e.g. tables, cabinets or chairs), left click mouse 
button inside of the layout area and hold it, a rectangular box is being created 
until the left button is released.  The size of the rectangular can be changed by 
holding and moving the left mouse button. Releasing the left mouse button 
brings up a ‘Name entry field’ (Figure 4), choose a name according to the 
realistic meaning of the element (e.g. table or cabinet) and press ‘OK’.  There is 
no restriction of name, such as length or type of characters (number, letter or 
symbol).  Moreover, it is allowed to have duplication of name, there would be an 
alert window to notice you whether you mean to do so. 
 
 
Figure Appendix C3.4  Name entry field 
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 Figure Appendix C3.5  Element Data Indicator 
 
With elements being created, corresponding details (name and data) are shown 
in the ‘Element Data Indicator’.  As shown in Figure 5, an element ‘A’ has 
been created and its name and coordinates are illustrated.  A slider (highlighted 
in red circle in Figure 5) is used to switch to view details of other elements, as 
only one element can be indicated because of limited space.  ‘Undo’ and 
‘Redo’ options are provided in the ‘Edit’ section to assist you to modify the 
layout. 
• If you want to delete a particular element, switch to it using the slider and then press 
‘delete element?’. 
• If you want to move a particular element, switch to it using the slider and then press 
‘move element?’, (colour of that box would turn to red), move it by dragging it to the 
correct position, and press ‘Done?’ (Figure 6).   
• If you want to change the size of element, data can be modified directly in the ‘Element 
Data Indicator’ area and press ‘Reload array?’ to transfer data onto the white board.   
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 Figure Appendix C3.6  Moving a box 
 
Having done the layout, results can be saved by selecting ‘File’, ‘Save’, then 
choose a location on where to create the layout and choose a name for the 
layout.  
 PRACTICE 1 
• Run ‘Template Generator’; 
• Create a new layout, 500×500 size; 
• Create four rectangular boxes, A, B, C and D (no matter where they  
           are and what size they are); 
• Move B to left-top corner of the layout (roughly); 
• Delete D; 
• Change the data of each element and reload array:  
o A: Left 300, Top 100, Right 450, Bottom 200; 
o B: Left 50,   Top 50,   Right 200, Bottom 200; 
o C: Left 150, Top 300, Right 300, Bottom 450; 
• Save the layout to desktop and name it ‘Practice Layout’; 
• Close the programme. 
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2. Data capture using DR 
 
Run the programme DR by double clicking ‘Data Recorder’ icon on Desktop 
, when the programme runs you will be presented with the 
DR main screen. 
 
To read the layout which has been generated by TG, press ‘File’ then ‘Open’, 
choose the location where the layout is saved and then open the layout in DR.  
‘Number of people to be observed entry window’ will pop up after reading in 
the layout (Figure 7).  Choose the number (1 to 3) of people to be observed and 
press ‘OK’.  ‘Save directory entry window’ is following with the previous one.  
Pressing the folder icon (highlighted with a red circle in Figure 8) brings up a file 
dialog, choose a location on where to create the data folder (e.g. creating a new 
folder on Desktop), open the folder and press ‘Select Current Directory’ 
.  It will bring you back to ‘Save directory entry window’ and then 
press ‘OK’.  After configuration the main screen of DR is shown as in Figure 9. 
 
 
Figure Appendix C3.7  Number of people to be observed entry window 
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 Figure Appendix C3.8  Save directory entry window 
 
Pressing ‘Session’ then ‘Start’ will trigger data recording process and the time 
indicator at the bottom of ‘Data Recording Indicator’ (on the left of the main 
screen) will start to record the elapsed time.  Link events are registered by 
clicking on the corresponding boxes in DR according to the real world 
operations. For example, if operator is moving to element B, then B should be 
selected.  Colours in Figure 10 indicate which elements have been selected. 
The red box was the last selected, while the green box was selected before the 
red one.   
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 Figure Appendix C3.9  Main screen of DR after reading in layout
 
 
 
Figure Appendix C3.10  Colours indicators 
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The three buttons in the ‘Data Recording Indicator’ area represent three 
operators.  If you choose to perform multi-people data recording (Figure 7), then 
you can switch to record the link events of Operator 2 by pressing the 2 button, 
so far and so forth.  When one box is selected, its ID, name, elapsed time, 
number of operator and importance (which can be changed in the drop-down 
menu below) is shown on screen.  Having finished data recording, press 
‘Session’ then ‘Stop’ and results of LA will be automatically generated and 
saved in pre-chosen folder (Figure 8) 
 
 
PRACTICE 2  
• Run ‘Data Recorder’; 
• Read in layout on Desktop you generated in practice 1; 
• Choose 3 people to be observed; 
• In ‘Save directory’ file dialog, create a folder named ‘Practice Results’ 
and select it as save directory; 
• Start data recording following this sequence: 
o Operator 1 & Important & A; 
o Operator 2 & Ordinary & B; 
o Operator 3 & Unimportant & C; 
o Operator 1 & Important & C; 
o Operator 2 & Ordinary & A; 
o Operator 3 & Unimportant & B; 
o Operator 1 & Important & B; 
o Operator 2 & Ordinary & C; 
o Operator 3 & Unimportant & A; 
• Stop data recording, close the programme and have a look at link 
analysis results. 
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Appendix C4: Questionnaire example 
 
 
 
Yu Zhao
Tel: +44 (0)1509 228817
Email: Y.Zhao3@lboro.ac.uk
Healthcare Ergonomics & Patient Safety Unit (HEPSU)
Dept. of Human Sciences
Loughborough University
Loughborough, Leics.  LE11 3TU. UK
 
Questionnaire 
 
Title: USABILITY TEST OF COMPUTERISED LINK ANALYSIS 
Investigators:  Yu Zhao, Sue Hignett, Neil Mansfield 
Site: HEPSU lab, Loughborough University 
 
Thank you for generously volunteering your time to participate in this 
usability testing.  Your input will be invaluable in the development of the 
Computerised Link Analysis (CLA) system.   
 
1. What is your background? Are you familiar with any programming language 
or have you used any of them? 
 
Yes       No  
 
What is/are programming language(s) you have used? 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
2. Do you have degree in Ergonomics or relevant areas? 
 
Yes       No  
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 What is it? 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
3. Have you used Link Analysis before you are trained? 
 
Yes       No  
 
4. Before you started, were you clear with, 
 
• Definition and procedures of link analysis    Y / N 
• How to perform link analysis manually     Y / N 
• How to use CLA system (both TG and DR)    Y / N 
 
5. Do you feel that you successfully completed all the tasks on the task sheet? 
 
Yes       No  
 
 
6. Performance:  
 
•  Your performance with Task 1 Real Data is 
Very bad                   Very good  
 1   2   3   4   5   
• Your performance with Task 1 Video Data is 
 
Very bad                   Very good  
 1   2   3   4   5   
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• Your performance with Task 2 Real Data is 
 
Very bad                   Very good  
 1   2   3   4   5   
 
• Your performance with Task 2 Video Data is 
 
Very bad                   Very good  
 1   2   3   4   5   
 
Why do you think there is difference? 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
7. Comparing to manual Link Analysis method, is CLA system efficient and 
effective?  
 
Very inefficient and ineffective                   Very efficient and 
effective 
1   2  3   4   5   
 
8. Were all of the functions you expected present?  
 
Yes       No  
and, what is(are) other function(s) you expect? (For example, apart from colour 
indication, sound notification should be used when elements are triggered in DR) 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
 339
9. Where are the breakdowns? Where do you think there is trouble /bug/ failure 
with the interface, the content, and the format, etc.? 
 
Template Generator: 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
Data Recorder: 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
10. Which steps do you think are confusing do not allow you to make the right 
choice to continue with your trial? 
 
Template Generator: 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
Data Recorder: 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
11. Which steps do you think is inefficient or ineffective that you wasted time on 
it? 
Template Generator: 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
Data Recorder: 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
12. Are the menu items well organised and are functions easy to find. 
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 Yes       No  
 
and, how the menu items could be improved  
………………………………………………………………………………………… 
………………………………………………………………………………………… 
13. Impressions: 
• Your overall impression of the CLA system is 
Very negative        Very positive 
1   2   3   4   5   
• Your overall impression of the Template Generator is 
Very negative        Very positive 
1   2   3   4   5   
• Your overall impression of the Data Recorder is 
Very negative        Very positive 
1   2   3   4   5   
and, why? 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
14. What do you think the overall design and layout of CLA system (e.g. colour 
of interface, font size)? 
Very bad          Very good 
1   2   3   4   5   
and, what could be improved? 
………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
15. Other comments (general comments/suggestions on CLA system or this 
usability):  
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………………………………………………………………………………………… 
………………………………………………………………………………………… 
 
Name:……………………………..Date: ………………………………………… 
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Appendix D1: System Users Information Sheet 
 
 
 
Healthcare Ergonomics & Patient Safety Unit
Dept. of Ergonomics (Human Sciences)
Loughborough University
Loughborough, Leics.  LE11 3TU. UK
Dr Sue Hignett
Ph.D. M.Sc. M.Erg.S. M.C.S.P.  Eur.Erg.
Tel: +44 (0)1509 223003;   Fax: +44 (0)1509 223940
Email: S.M.Hignett@lboro.ac.uk 
 
System Users Information Sheet 
Interviews with System Users 
 
Title: BETA-TESTING COMPUTERISED LINK ANALYSIS 
 
Investigators:  Yu Zhao, Sue Hignett, Neil Mansfield 
Site: Loughborough University  
 
 
Part l 
 
We would like to invite you to take part in a research study.  Before you decide, you 
need to understand why the research is being done and what it will involve for you.  
Please take time to read the following information carefully.  Talk to others about the 
study if you wish.  Ask if there is anything not clear or if you would like more 
information. 
 
What is the purpose of the study? 
We are developing software to help with the analysis of workplace layout and 
efficiency.  It is called Computerised Link Analysis (CLA).  It is a computerised 
version of a pen and paper method (Link Analysis) that has been used for many 
years to help with the ergonomic analysis of working activities (tasks). The software 
has been developed at Loughborough University and is ready for beta-testing with 
real-time data.   
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In our research in the Emergency Department (ED) in 2007 we identified that there 
were many occasions on which staff entered and left patient cubicles during the 
course of one patient care episode.  Prof. Tim Coats has suggested that we could 
use CLA to provide the ED with information about the layout of equipment and 
consumables across the department.  This information can then be used by staff to 
review storage and layouts. 
 
Why have I been invited? 
As a Systems User, you will have experience in collecting and analysing data with 
CLA. You will be able to provide us with feedback about the reliability of the software, 
identify ‘bugs’ and review the user interface. 
 
Do I have to take part? 
No, it is up to you to decide.  We will describe the study and go through this 
information sheet with you which we will give to you.  We will then ask you to sign a 
consent form to show you have agreed to take part.  You are free to withdraw at any 
time without giving a reason.  This will not affect your professional or employment 
status. 
 
What will happen to me if I take part? 
You will be asked to take part in an interview by Yu Zhao. He will talk to you in a 
private place and tape record your answers. The questions will try to find out: 
• Whether you experienced any difficulties when using CLA 
• If you made any errors more than once 
• Your views about the user interfaces, and any design ideas that you may 
have. 
 
What are the possible advantages/disadvantages and risks of taking part? 
The advantage of taking part will include the development of CLA to a commercial 
level that may help you in your future professional career.  There are no foreseeable 
disadvantages of taking part. 
 
What if there is a problem? 
We will follow the incident reporting procedure at Loughborough University.  If you 
are harmed by taking part in this research project, there are no special compensation 
arrangements.  If you are harmed due to someone’s negligence, then you may have 
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grounds for a legal action but you may have to pay for it.  Regardless of this, if you 
wish to complain about any aspect of the way you have been approached or treated 
during the course of this project the normal University mechanisms may be available 
to you.   
 
Will my taking part in the study be kept confidential? 
Yes, we will follow ethical and legal practice and all information about you will be 
handled in confidence.  Details are included in part ll.   
 
If the information in Part l has interested you and you are considering 
participation, please read the additional information in Part ll before making 
any decision. 
 
Part ll 
What will happen if I do not want to carry on with the study? 
If you wish to withdraw from this study at any time you are free to do so without any 
impact on your professional status or employment.  If you withdraw from the study 
your data will be withdrawn from the study and deleted. 
 
What if there is a problem? 
If you have a concern about any aspect of this study you should ask to speak to 
researchers who will do their best to answer your questions.   
 
Will my taking part in this study be kept confidential? 
If you take part in the research all information collected from you and your 
organisation during the course of the research will be kept strictly confidential.  All 
references to participants in the report and any subsequent 
publications/presentations will be anonymous.  The information will be kept in a 
secure location, accessible only to the researchers.  All of the data (audio-tape, 
documents etc.) will remain the property of Loughborough University and will be 
destroyed 12 months after the study ends. 
 
What will happen to the results of the research study? 
We are aiming to publish the results of this pilot project in scientific journals.  We also 
hope to present some of the findings at scientific meetings regarding falls.  Any 
publications or presentations will not use any information that will allow you to be 
identified in any way. 
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 Who is organising and funding the research? 
The project is jointly organised by Loughborough University and University Hospitals 
of Leicester NHS Trust.  It is funded by the Engineering and Physical Science 
Research Council (EPSRC). 
 
Who has reviewed the study? 
All research in the NHS is looked at by an independent group of people called a 
Research Ethics Committee to protect your safety, rights, well-being and dignity.  
This study has been reviewed and given a favourable opinion by the Research Ethics 
Committee.   
 
A copy of the information sheet will be given to you, as well as a signed consent form 
for you to keep.  For further information regarding this study, please feel free to 
approach Yu Zhao (Y.Zhao3@lboro.ac.uk), Dr Neil Mansfield 
(N.J.Mansfield@lboro.ac.uk), Dr Sue Hignett (S.M.Hignett@lboro.ac.uk). 
 
 
Thank you for reading this information sheet. 
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Appendix D2: System Users Consent Form 
 
 
 
Healthcare Ergonomics & Patient Safety Unit
Dept. of Ergonomics (Human Sciences)
Loughborough University
Loughborough, Leics.  LE11 3TU. UK
Dr Sue Hignett
Ph.D. M.Sc. M.Erg.S. M.C.S.P.  Eur.Erg.
Tel: +44 (0)1509 223003;   Fax: +44 (0)1509 223940
Email: S.M.Hignett@lboro.ac.uk
 
Consent Form 
 
Title: BETA-TESTING COMPUTERISED LINK ANALYSIS 
 
Investigators:  Yu Zhao, Sue Hignett, Neil Mansfield 
Site: Loughborough University  
   
 Please initial 
box 
I confirm that I have read and understood the information 
sheet dated 26th August 2009, Version 3.  I have had the 
opportunity to consider the information, ask questions and 
have had these answered satisfactorily. 
 
I understand that my participation is voluntary and that I am 
free to withdraw at any time, without giving a reason and 
without my professional or legal rights being affected. 
 
I understand that the interview will be audio-taped and 
transcribed anonymously. 
 
I agree to anonymised verbatim quotations being used in 
publications and presentations. 
 
I understand that relevant sections of data collected during 
the study, may be looked at by individuals from 
Loughborough University.  I give permission for these 
individuals to have access to my data. 
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I understand that the interview will be confidential. 
 
 
I understand that the data (including audio-recordings) will 
not be available to me after the study 
 
I agree to take part in the above study 
Signature 
(Participant)………………………………………………………
 
Date…………..…
NAME  
(BLOCK CAPITALS)…………………………………………… 
 
 
 
 
I have explained the study to the above participant and they 
have indicated their willingness to take part 
 
Signature 
(Researcher)……………………………………………………. 
Date…………..…
NAME  
(BLOCK CAPITALS)…………………………………………… 
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Appendix D3: Staff Information Sheet 
 
 
Healthcare Ergonomics & Patient Safety Unit 
Dept. of Ergonomics (Human Sciences) 
Loughborough University 
Loughborough, Leics.  LE11 3TU. UK 
 
Dr Sue Hignett 
Ph.D. M.Sc. M.Erg.S. M.C.S.P.  Eur.Erg. 
Tel: +44 (0)1509 223003 
Fax: +44 (0)1509 223940 
Email: S.M.Hignett@lboro.ac.uk
  
 
Accident and Emergency Department
Leicester Royal infirmary
Leicester.  LE1 5WW. UK
Prof. Tim Coats 
MD, FFAEM, FRCS, MB BS,  BSc 
Tel: 0116 258 5646 
Fax: 0116 204 7935 
Email: tc61@le.ac.uk
 
Staff Information Sheet: Observations 
 
Title: BETA-TESTING COMPUTERISED LINK ANALYSIS 
 
Investigators:  Yu Zhao, Kerrie Serrao, Gareth David, Fiona 
Woodcock, Dr Sue Hignett, Dr Neil Mansfield 
Site: University Hospitals of Leicester NHS Trust  
 
Part l 
 
We would like to invite you to take part in a research study.  Before you decide, you 
need to understand why the research is being done and what it will involve for you.  
Please take time to read the following information carefully.  Talk to others about the 
study if you wish.  Ask if there is anything not clear or if you would like more 
information. 
 
What is the purpose of the study? 
We are developing software to help with the analysis of workplace layout and 
efficiency.  It is called Computerised Link Analysis (CLA).  It is a computerised 
version of a pen and paper method (Link Analysis) that has been used for many 
years to help with the ergonomic analysis of working activities (tasks). The software 
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has been developed at Loughborough University and is ready for beta-testing with 
real-time data.   
In our research in the Emergency Department (ED) in 2007 we identified that there 
were many occasions on which staff entered and left patient cubicles during the 
course of one patient care episode.  Prof. Tim Coats has suggested that we could 
use CLA to provide the ED with information about the layout of equipment and 
consumables across the department.  This information can then be used by staff to 
review storage and layouts. 
We will use 3 Systems Users (B.Sc. students in Ergonomics and Psychology with 
Ergonomics) to use CLA and collect observational data to beta-test CLA.  This will 
provide us with feedback about the reliability of the software, identify ‘bugs’ and 
review the user interface. 
 
Why have I been invited? 
We are inviting staff to participate if they work in ED and provide patient care and 
treatment.  
 
Do I have to take part? 
No, it is up to you to decide.  We will describe the study and go through this 
information sheet with you which we will give to you.  We will then ask you to sign a 
consent form to show you have agreed to take part.  You are free to withdraw at any 
time without giving a reason.  This will not affect your professional or employment 
status. 
 
What will happen to me if I take part? 
You will be asked to allow the CLA System Users (B.Sc. student observers) to 
shadow you for up to 2 hours. They will record your movements around the ED 
during individual patient treatment/care episodes. They will follow you in the ED 
except in patient examination cubicles/rooms (they will wait outside the 
cubicle/room), and rest/comfort breaks. 
 
What are the possible advantages/disadvantages and risks of taking part? 
The advantage of taking part will include the generation of information about the 
layout and storage of equipment and consumables in the ED. There are no 
foreseeable disadvantages of taking part. 
 
What if there is a problem? 
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We will follow the incident reporting procedure at Loughborough University and 
University Hospitals of Leicester NHS Trust concurrently.  If you are harmed by 
taking part in this research project, there are no special compensation arrangements.  
If you are harmed due to someone’s negligence, then you may have grounds for a 
legal action but you may have to pay for it.  Regardless of this, if you wish to 
complain about any aspect of the way you have been approached or treated during 
the course of this project the normal National Health Service (or University) 
mechanisms may be available to you.   
Will my taking part in the study be kept confidential? 
Yes, we will follow ethical and legal practice and all information about you will be 
handled in confidence.  Details are included in part ll.   
 
If the information in Part l has interested you and you are considering 
participation, please read the additional information in Part ll before making 
any decision. 
 
Part ll 
What will happen if I do not want to carry on with the study? 
If you wish to withdraw from this study at any time you are free to do so without any 
impact on your professional status or employment.  If you withdraw from the study 
your data will be withdrawn from the study and deleted. 
 
What if there is a problem? 
If you have a concern about any aspect of this study you should ask to speak to 
researchers who will do their best to answer your questions.  During data recording, 
student researchers will report any instances of untoward behaviour that they 
observe to the Charge Nurse on duty. 
 
Will my taking part in this study be kept confidential? 
If you take part in the research all information collected from you and your 
organisation during the course of the research will be kept strictly confidential.  All 
references to participants in the report and any subsequent 
publications/presentations will be anonymous.  The information will be kept in a 
secure location, accessible only to the researchers.  All of the data (audio-tape, 
documents etc.) will remain the property of Loughborough University and will be 
destroyed 12 months after the study ends. 
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What will happen to the results of the research study? 
We are aiming to publish the results of this pilot project in scientific journals.  We also 
hope to present some of the findings at scientific meetings regarding falls.  The 
information we gain from this project will be used to develop CLA and 
recommendations for equipment and consumable storage and layout in Emergency 
Departments. 
 
Any publications or presentations will not use any information that will allow you to be 
identified in any way. 
 
Who is organising and funding the research? 
The project is jointly organised by Loughborough University and University Hospitals 
of Leicester NHS Trust.  It is funded by the Engineering and Physical Science 
Research Council (EPSRC). 
 
Who has reviewed the study? 
All research in the NHS is looked at by an independent group of people called a 
Research Ethics Committee to protect your safety, rights, wellbeing and dignity.  This 
study has been reviewed and given a favourable opinion by the Research Ethics 
Committee.   
 
A copy of the information sheet will be given to you, as well as a signed consent form 
for you to keep.  For further information regarding this study, please feel free to 
approach Yu Zhao (Y.Zhao3@lboro.ac.uk), Dr Neil Mansfield 
(N.J.Mansfield@lboro.ac.uk), Dr Sue Hignett (S.M.Hignett@lboro.ac.uk). 
 
 
Thank you for reading this information sheet. 
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Appendix D4: Staff Consent Form 
 
 
Healthcare Ergonomics & Patient Safety Unit 
Dept. of Ergonomics (Human Sciences) 
Loughborough University 
Loughborough, Leics.  LE11 3TU. UK 
 
Dr Sue Hignett 
Ph.D. M.Sc. M.Erg.S. M.C.S.P.  Eur.Erg. 
Tel: +44 (0)1509 223003 
Fax: +44 (0)1509 223940 
Email: S.M.Hignett@lboro.ac.uk
 
Accident and Emergency Department
Leicester Royal Infirmary
Leicester.  LE1 5WW. UK
Prof. Tim Coats 
MD, FFAEM, FRCS, MB BS,  BSc 
Tel: 0116 258 5646
Fax: 0116 204 7935
Email: tc61@le.ac.uk
 
Consent Form: Observations  
 
Title: BETA-TESTING COMPUTERISED LINK ANALYSIS 
 
Investigators:  Yu Zhao, Kerrie Serrao, Gareth David, Fiona 
Woodcock, Dr Neil Mansfield, Dr Sue Hignett 
Site: University Hospitals of Leicester NHS Trust  
 
 Please initial 
box 
I confirm that I have read and understood the information sheet 
dated 13th October 2009, Version 4.  I have had the opportunity 
to consider the information, ask questions and have had these 
answered satisfactorily. 
 
I understand that my participation is voluntary and that I am 
free to withdraw at any time, without giving a reason and 
without my professional or legal rights being affected. 
 
I understand that my movements while I am caring for a patient 
in the ED will be recorded using Computerised Link Analysis 
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I understand that the observational data will be anonymous 
and confidential. 
 
I understand that relevant sections of data collected during the 
study, may be looked at by individuals from Loughborough 
University, from regulatory authorities or from the NHS Trust, 
where it is relevant to my taking part in this research. I give 
permission for these individuals to have access to my records. 
 
I understand that the data will not be available to me after the 
study 
 
 
I agree to take part in the above study 
Signature 
(Participant)……………………………………………………… 
 
Date…………
NAME  
(BLOCK CAPITALS)…………………………………………… 
 
I have explained the study to the above participant and they 
have indicated their willingness to take part 
 
Signature 
(Researcher)……………………………………………………. 
Date…………
NAME  
(BLOCK CAPITALS)…………………………………………… 
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Appendix D5: Poster for staff and patient 
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Appendix D6: System Users Interview Schedules 
 
 
 
Healthcare Ergonomics & Patient Safety Unit
Dept. of Ergonomics (Human Sciences)
Loughborough University
Loughborough, Leics.  LE11 3TU. UK
Dr Sue Hignett
Ph.D. M.Sc. M.Erg.S. M.C.S.P.  Eur.Erg.
Tel: +44 (0)1509 223003;   Fax: +44 (0)1509 223940
Email: S.M.Hignett@lboro.ac.uk
 
Interview Schedule  
 
Title: BETA-TESTING COMPUTERISED LINK ANALYSIS 
 
Investigators:  Yu Zhao, Sue Hignett, Neil Mansfield 
Site: Loughborough University  
1  
 
1. Do you think that you successfully recorded all the link events? What 
prevents you to achieve that? 
 
2. What do you think about Computerised Link Analysis (CLA), comparing 
to the manual Link Analysis method? What’s the different between these two 
methods? 
 
3. Could you list some advantages or disadvantages of manual Link 
Analysis method? 
 
4. Could you list some advantages or disadvantages of CLA? 
 
5. Do you have any difficulties in the template generating? What is/are 
that/those? 
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6. Do you have any difficulties in real-time data recording? What is/are 
that/those? 
 
7. What do you think about results / outputs of CLA, e.g. format of result 
or type of data. Is there any result format or data type you expect missing?  
 
8. Do you feel CLA is difficulty to use? Which parts should be improved? 
 
9. Were all of the functions you expected present? What do you think 
is/are missing? 
 
10. Is there any breakdown/bugs/system failure?  
 
11. Other comments on CLA 
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